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ABSTRACT 
Membrane proteins help control nearly every process in the cell, which is why approximately 
50% of pharmaceuticals currently on the market target membrane proteins. Knowledge of 
structure-function relationships of these proteins could be leveraged to produce more efficient 
drugs. However, the traits that make membrane proteins so interesting also make them difficult 
targets for traditional structure elucidation techniques. X-ray crystallography relies on the use of 
single crystals, production of which are elusive for membrane proteins due to their inherent 
dynamic loops and stretches of hydrophobic residues, which contribute to aggregation and/or 
loss of function without the presence of a lipid environment. Solution NMR experiences 
difficulty dealing with slow molecular tumbling due to the large sizes of membrane proteins. 
Conversely, solid-state NMR (SSNMR) has no inherent size limitation and does not require the 
use of crystals, which presents SSNMR with the unique capability to study membrane proteins in 
native environments at atomic-resolution.  
However, this technique is still a relatively new tool for solving structures of biomolecules. 
Here, we begin to develop strategies for solid-state NMR de novo structure determination. We 
provide a “divide-and-conquer” investigation of an E. coli 41 kDa membrane protein complex, 
DsbA/DsbB. We begin by completing chemical shift assignments, the first step in structure 
determination in NMR studies, of the 21 kDa protein DsbA to optimize sensitivity and resolution 
of data collection and analysis of large systems. We then use this study to drive forward 
structural examination of the disulfide bond forming system DsbA/DsbB. Finally, SSNMR 
techniques are used to study a 144 kDa cytochrome bo3 ubiquinol oxidase demonstrating the 
power of this technique to investigate large membrane complexes in native environments. 
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CHAPTER 1  
Introduction 
1.1 Preface 
Membrane proteins and membrane protein complexes remain today’s most challenging 
systems to study in structural biology. This is highlighted by the fact that while there are over 
71,000 structures deposited in the RCSB Protein Data Bank,1 only 768 coordinate files exist for 
membrane proteins; this is just over 1% of the structures deposited into the databank. Even more 
poignant is the fact that only 279 of these deposited coordinate files represent unique membrane 
proteins, as of March 2011. These facts point out the major deficit that currently exists in our 
knowledge of membrane proteins and membrane protein complexes in the structural biology 
community. This represents an even larger problem since over half of the pharmaceuticals on the 
market today target these types of proteins.2 Traditionally, X-ray crystallography and solution 
NMR techniques have been the go to methods for solving structures of biomolecules.  
However, solving structures of membrane proteins in this way pushes the boundaries of these 
techniques and exposes their limitations. Solid-state NMR (SSNMR) does not have the 
requirements of single crystals or global correlation times that are proving to be difficult hurdles 
for other techniques for solving membrane protein structures. A major advantage for SSNMR is 
that samples can be prepared and studied in their native lipid environments at physiological 
conditions (temperature and pH). Utilizing the magic-angle spinning (MAS) technique for line 
narrowing produces spectra that are rich in information regarding the structural and mechanistic 
details of these proteins. Already, using MAS SSNMR there have been several de novo 
structures of small microcrystalline proteins ranging in the size of the monomer from four to nine 
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kDa, such as SH3,3 Ubiquitin,4 Crh,5 Kaliotoxin,6 and GB1.7-10 In recent years, the technique has 
proven its unique capabilities by solving structures of larger proteins, and proteins in states (i.e. 
fibular and membrane preparations) unattainable by other structural biology methods, such as the 
HET-s fibril,11,12 the 17 kDa MMP-12 protein,13,14 the oligomeric alpha-B crystallin15 and the 
influenza M2 channel in a lipid environment.16 Here we will focus on advances in MAS SSNMR 
with the goal of streamlining the technique for the eventual creation of a SSNMR pipeline for 
solving protein structures, as has been accomplished for both X-ray crystallography and solution 
NMR. 
In order to accomplish this there are many aspects of SSNMR that would benefit from 
detailed studies of how to increase sensitivity and resolution of large proteins and the best way to 
automate steps along the path from sample preparation to structure elucidation. Chapter 1 will 
provide a brief discussion of the current state of X-ray crystallography and solution NMR 
methods as structural biology tools for solving structures of membrane proteins and membrane 
protein complexes, and look into the remaining challenges for these techniques compared with 
MAS SSNMR.  Chapter 2 is a detailed study of the results of using increasing magnetic fields for 
the purpose of obtaining better resolution of SSNMR spectra for biological samples. Following 
these strategies to increase resolution and sensitivity for the purpose of chemical shift 
assignments, one of the current bottlenecks for large proteins in SSNMR is presented. Here the 
21 kDa soluble E. coli disulfide bond forming enzyme DsbA is utilized as our test case for full 
chemical shift determination. Once these chemical shift assignments were performed, these 
strategies were utilized in the investigation of the full 41 kDa E. coli membrane protein complex, 
DsbA/DsbB. This complex was investigated for structural rearrangements, via chemical shift 
perturbation studies, to examine key mechanistic details in the major disulfide bond-forming 
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pathway in E. coli, and is presented in Chapter 4. Manual peak picking and backbone walking 
techniques were used to complete the chemical shift assignments in the studies of wild type 
DsbA (Chapter 3) and the C33S mutant of DsbA (Chapter 4) and DsbA in complex with DsbB 
(Chapter 4). Chapter 5 shows progress toward automating the chemical shift assignment 
procedure for SSNMR spectra using GB1, a 56 residue nanocrystalline protein, and DsbA as test 
cases for two modified automated assignment algorithms. Chapter 6 contains results obtained 
from studies of a 144 kDa E. coli membrane protein complex, cytochrome bo3 ubquinol oxidase. 
This large membrane protein presents a unique challenge of resolution, which we address with 
the use of auxotrophic strains to prepare specific amino acid type labeling patterns to investigate 
key mechanistic sites within this large complex. 
1.2 Remaining Challenges for Solving Structures of Membrane Proteins 
1.2.1 X-ray Crystallography 
As of March 2011 there are only 768 coordinate files in the RCSB Protein Databank that 
represent membrane proteins or membrane protein complexes. Of these, greater than 90% of 
these files are structures that have been solved using X-ray crystallography. The main reason for 
the lag in membrane protein structure determination, in comparison with their soluble protein 
counterparts, are the great difficulties that arise in trying to obtain milligram quantities of pure 
protein, which can then be formed into a crystal that has long range order.17-24 
More specifically, the major challenges faced in studying membrane proteins arise in several 
steps on the road to the successful expression and purification of the protein while still retaining 
the native three-dimensional fold and function. In all, membrane proteins must be successfully 
over expressed, isolated from the membrane, solubilized, purified, and crystallized in order to 
end up with diffraction quality crystals. Many of these steps in protein production for X-ray 
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studies involve empirical trial and error testing to find the best conditions for each protein, which 
does not always translate well to other membrane proteins, even to those proteins which are 
closely related. 
 
Figure 1.1 Detergent solubilization of membrane proteins. 
Schematic of the detergent solubilization process for membrane proteins. Data and figure taken from 
Newby et al.18 
For example, in order to isolate membrane proteins for further purification steps, the 
membrane protein must be solubilized (Figure 1.1). This process involves the extraction of 
membrane proteins from the lipid membrane by the addition of detergent molecules. 
Experimental optimization is required to produce stable, soluble, active, homogeneous protein 
samples and requires tweaking for every new protein system studied. Additionally, the detergent 
used to solubilize the protein often must be exchanged to a detergent better suited for purification 
and solubilization.18,19,25 
Once the membrane protein is expressed, solubilized, and purified X-ray crystallographers 
must then test conditions to obtain diffraction quality single crystals. Single crystals require long-
range order, which can amount to a Herculean task in many cases. Many membrane proteins 
inherently have dynamic and unstructured regions in their native folds. This is yet another reason 
why it is extremely difficult to crystallize these types of proteins. One method used to obtain 
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well-diffracting crystals is to co-crystallize the protein of interest with antibody Fab or Fv 
fragments, which has been accomplished with such proteins as human beta2 adrenergic GPCR26, 
the cytochrome bc1 complex,27 the KcsA K+ channel,28 the KvAP voltage-dependent K+ 
channel,29 and DsbB.30 However, for most membrane protein studies, researchers set-up large 
crystallization trials to search for suitable single crystal production and continue screening 
conditions until a suitable resolution diffraction pattern can be obtained.  
Even through these difficulties there have been many key successes and advances in solving 
the structures of membrane proteins using X-ray crystallography.31-37 However, there are 
hundreds more membrane proteins where crystallization conditions have not successfully 
produced diffraction patterns to better than 4 Å resolution. Here is where the bottleneck of 
occurs, and here is where NMR techniques can help alleviate the bottleneck since the preparation 
of NMR samples does not come with the requirement of producing single crystals. 
1.2.2 Solution NMR 
There are currently greater than twenty unique membrane protein structures that have been 
solved using solution NMR methodologies. There have been several key advancements that have 
made this possible. One includes the use of TROSY methods for NMR data collection, which 
have extended that tractable size of targets for solution NMR to nearly 100 kDa.38-40 However, 
the 100 kDa limit includes not only the size of the protein target, but must also include the size of 
the membrane-mimetic that is chosen. Beyond this limit, or if the effective size of the protein-
lipid complex increases due to the formation of oligomers, the correlation times in solution 
quickly become too long to obtain usable NMR data with solution NMR methods.  
Additionally, proteins that are going to be utilized for structure determination need to be 
expressed to include 2H, 13C, and 15N NMR active nuclei.41 These isotopes are usually 
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incorporated directly into the growth medium during the expression. However, expression in 
deuterated medium in many cases requires reoptimization of expression conditions due to 
lowered expression levels of the protein host. Following successful expression of the protein in 
deuterated media, the amide proton sites must be back-exchanged to reintroduce protons for the 
deuterons at these sites. For membrane proteins this presents yet another unique challenge. The 
tight packing of the transmembrane segments of the membrane protein might not allow 
accessibility to all backbone amide sites to reintroduce protons. Thus, in order to fully back-
exchange every amide site in the protein denaturing the protein to allow all sites to be accessible 
might be necessary. However, then the nontrivial task of refolding the protein into its native 
three-dimensional fold must be successfully completed. 
One new method that has proved to be extremely useful for NMR sample preparation is the 
Cell-free (CF) protein synthesis system. The CF expression system allows NMR samples to be 
prepared very efficiently, cost effectively, and with clean labeling patterns. Additionally, this 
system has shown to be an improvement especially with membrane proteins since chaperones, 
detergents or ligands can be conveniently added to the reaction during expression. However, 
larger membrane proteins with multiple subunits or those with cofactors still cannot be expressed 
using this system. Even with this current limitation the CF expression system has already been 
used to express numerous membrane proteins, such as the organic cation and anion transporters 
of the SLC22 protein family,42 bacterial light-harvesting integral membrane protein,43 MscL, a 
mechanosensitive ion channel,44 small drug transporters (EmrE and SugE),45,46 TehA,45 cysteine 
transporter YfiK,45 and G protein coupled receptors.47,48 Additionally, through the use of the CF 
expression system and solution NMR, three new membrane protein structures were recently 
elucidated, including the membrane domains of E. coli histidine kinase receptors ArcB, QseC, 
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and KdpD.49 These three structures were determined consecutively in less than a year (8 months) 
proving the efficiency of these methods and the vast potential for streamlining the membrane 
protein structure determination pipeline. 
Despite the challenges associated with membrane protein structure determination using 
solution NMR methods there have been many key breakthroughs. First, in the area of beta-barrel 
proteins there are now several examples of detailed studies of this family of proteins, including 
OmpA,50 PagP,51 OmpX,52 OmpG,53 and VDAC-1.54,55 For alpha-helical proteins there have been 
significantly more structures solved. However, many of these are one or two transmembrane 
segments like human Glycophorin A,56 MerF,57 ζζ transmembrane domain,58 Bnip3 
transmembrane domain,59 ErbB2 and EphA1 transmembrane segments,60 and αIIb-β3 integrin.61 
Additionally, there have been several major breakthroughs in gaining structural information in 
several larger systems of trimers to pentamers like KcsA,62 the influenza M2 channel,63 human 
phospholamban,64 and diacylglycerol kinase.65 There have also been a few major efforts to obtain 
structures of larger multispan helical membrane proteins, including human KCNE1 (16 kDa),66 
DsbB (20 kDa),67 and sensory rhodopsin II (26 kDa).68 
1.2.3 Solid-state NMR 
SSNMR opens up the range of membrane proteins and membrane protein complexes where 
structural biology studies are feasible. There are several advantages of sample preparations for 
SSNMR studies when compared to X-ray or solution: (1) deuteration is not required of a large 
system to obtain high-quality NMR spectra, (2) once protein purification is complete the sample 
can be precipitated by simply removing detergent to create a dense protein pellet, leaving the 
native lipids associated with the protein, (3) the sample, although homogeneous, is not required 
to have macroscopic order, like that required for single crystal formation, and (4) there is no 
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inherent size limitation of the target protein, since narrow lines are achieved via mechanically 
spinning the entire sample (housed in magic-angle spinning rotors). 
Based on these criteria SSNMR has immeasurable potential in the field of membrane protein 
structural biology. However, since this technique is still very new there are currently many 
bumps on the road to de novo structure determination. 
1.3 Magic-angle Spinning Solid-state NMR of Membrane Protein Studies 
1.3.1 Overview 
The field of solid-state NMR has been growing at a very fast pace compared with the rate of 
growth of the solution NMR field when the technique was first utilized. For example, less than 
ten years ago the cutting edge of MAS SSNMR was de novo structure determination of a tri-
peptide.69 Currently, there are now fifteen structures of proteins solved using this method, 
including micro and nanocrystalline proteins,3-5,7-10,13,14 a protein that forms fibrils,11,12 an 
oligomeric protein,15 and one membrane protein.16 These proteins range in size from the small 
microcrystalline ones between four and nine kDa to 17 kDa to fibrils and oligomers, which are 
effectively 40 or 43 kDa. 
Given this rapid development and the intense interest in membrane proteins, there are now 
many groups working on studying membrane proteins. SSNMR has already been able to report 
on co-factor interactions, such as the ubquinone in DsbB,70 acetylcholine in the binding site of 
nicotinic acetylcholine receptor,71 and the retinal in rhodopsin.72,73 Additionally, conformational 
changes can be observed in SSNMR spectra, as was seen in studies of the potassium channel 
KcsA upon kaliotoxin binding or pH changes.74,75 There are also many more studies currently in 
progress with hopes of gaining structural information. However, much of this research is slowed 
down by the chemical shift assignment procedure. In SSNMR studies this step is done 
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completely manually and can take upwards of years to assign proteins as large as most 
membrane proteins. Significant efforts are being made to push chemical shift assignment of 
membrane proteins forward, as in the cases of uniformly-13C,15N labeled proteins light-harvesting 
complex 1,76 light-harvesting complex 2,77 DsbB,78,79 cytochrome bo3 oxidase,80 and P450s 
CYP3A481  and CYP98A3,82 to name several. Other have used techniques to simplify the spectral 
interpretation with selective isotopic labeling or reverse labeling specific amino acid types, as 
has been successfully utilized for proteorhodopsin,83 sensory rhodopsin,84, and OmpX.85,86 
1.3.2 Remaining Challenges 
Even with the quickly evolving technology and methods of SSNMR there are still many 
challenges that need to be addressed. The steps to obtain a de novo structure using NMR 
techniques are as follows: (1) produce isotopically labeled protein, (2) perform chemical shift 
assignments for the protein backbone and side chain heavy atoms (13C and 15N), (3) collect 
distance restraints, (4) calculate the structure, and (5) refine the calculated NMR structure. In 
solution NMR the general protocol to obtain a protein structure follows the same path. However, 
their success rates rely on the fact that many of these steps in the process have been automated 
and streamlined through the years. Currently, SSNMR is still in the manual mode of operation 
for every step listed above.  
The bottleneck for membrane proteins quickly becomes obtaining complete chemical shift 
assignments. One reason for this bottleneck is the low sensitivity and resolution of membrane 
proteins, arising from the large molecular weight of membrane proteins and thus the finite 
amount of material that can be packed into a magic-angle spinning rotor. This challenge is 
currently being addressed by the use of new proton-detected experiments, which greatly increase 
the sensitivity.10,87-89 Another problem that can hamper chemical shift assignment is the extreme 
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congestion, especially with helical membrane proteins, observed in two and sometimes even in 
three-dimensional data sets. To meet this challenge many groups are moving to selectively 
labeled samples to reduce degeneracy,3,83,85,90,91 while others utilize pulse sequence techniques to 
increase resolution, such as a fourth dimension92 or selective refocusing pulses during evolution 
periods.93 
Even as solid-state NMR spectroscopists grapple with trying to increase resolution and 
sensitivity, there is still an even greater need to automate many tasks in solving protein 
structures. Solution NMR has already made progress on this task, and some of their resources 
can be utilized by SSNMR as well. However, automating data collection, peak picking, and 
chemical shift assignment protocols is one thing that cannot be easily transferred between the 
two methods. Since SSNMR utilizes the dipolar couplings within the protein to transfer 
polarization from one atom to another, where as solution NMR uses J-couplings and scalar 
mixing, the expected peaks that show up in solid-state NMR have very different patterns. 
Additionally, it is likely that the cross polarization steps used in SSNMR do not successfully 
polarize dynamic regions of the protein, creating missing or severely broadened signals. Finally, 
SSNMR often exhibits larger line widths since most experiments are performed with final signal 
detection on the carbon channel, compared to most solution experiments, which observe the 
higher gyromagnetic ratio (γ) proton channel. All of these aspects of SSNMR make it an 
extremely challenging experimental method, but better hardware,94,95 pulse sequences,96-100 data 
analysis tools, structure determination strategies11,101-106 are constantly being improved upon. 
In order for SSNMR to become an integrated asset in the toolbox of structural biology, 
especially for membrane proteins, data collection, handling, and interpretation need to become  
tasks that do not require an expert SSNMR spectroscopist to complete. This is why we must 
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continue to push the limits on SSNMR and develop these methodologies. Otherwise the full 
potential of SSNMR and its unique access to noncrystalline proteins will never be fully realized. 
1.4 Membrane Protein Complex Systems Studied 
1.4.1 E. coli Disulfide Bond Forming Complex DsbA/DsbB 
As our model system of a membrane protein, we study the transient E. coli membrane protein 
complex DsbA/DsbB. DsbA is a 21 kDa disulfide bond forming enzyme that resides in the 
periplasm of E. coli. DsbA donates its active site disulfide bond to a substrate protein in the 
periplasm, leaving the active site of DsbA in a reduced state. To become reoxidized DsbA forms 
a covalent complex with its membrane protein partner DsbB (20 kDa). DsbB has two sets of 
disulfide bonds within its own structure that go through a complicated series of disulfide 
rearrangements where electrons will terminally end up on DsbB’s ubquinone cofactor.107 This 
mechanism is depicted in Figure 1.2. 
There are many unanswered questions about this mechanism that could not be explained by 
the current crystal structures of DsbB30 and the DsbA/DsbB complex30,108,109 or even from the 
solution NMR structure of DsbB.67 For example, it remains unclear based on available 
information how DsbB oxidizes DsbA so selectively and efficiently, especially given the redox 
potential of DsbA (-122 mV).110,111 Given that the disulfide rearrangement happens quickly there 
must be crucial interactions between DsbA and DsbB in the protein interface, which is lacking 
electron density in the current X-ray structures. 
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Figure 1.2 Schematic mechanism for the reoxidation of DsbA by the membrane protein DsbB. 
Schematic of the disulfide rearrangment that occurs in the DsbA/DsbB system including PDB entries for 
the current structural data available on this system. Our lab is currently studying states III and V of this 
process, as well as DsbA alone, by SSNMR. Expansions of the CA-CB correlation region from 13C-13C 
two dimensional spectra are shown of these states. Solution data, schematic, and figure is adapted from 
Zhou et al.67 
MAS SSNMR can be used to elucidate many of these details regarding the protein-protein 
and even the protein-cofactor interaction in the DsbA/DsbB complex system. The general 
strategy for studying this system is one of a “divide and conquer” strategy which has been used 
several times to complete MAS SSNMR studies of large biomolecules.112 In this work, the focus 
will remain on developing methodologies for studying large systems using the soluble enzyme 
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DsbA. Following this the full 41 kDa DsbA/DsbB complex will be investigated for 
conformational rearrangements upon complex formation. Parallel studies of DsbB, DsbB-UQ 
interactions, and DsbB changes upon complex formation have been completed by Li et al.78,79 
and are being continued by Tang et al.70,113 in collaboration with this work. 
1.4.2 E. coli Cytochrome bo3 Ubiquinol Oxidase 
We will also present some work being performed on a four-subunit 144 kDa membrane 
protein complex cytochrome bo3 ubquinol oxidase. Cytochrome bo3 catalyzes the four-electron 
reduction of oxygen to water and pumps four protons across the membrane through the D- and 
K- channels.114,115 The heme b, heme o3, and copper atom act as the redox centers and are located 
in subunit I (Figure 1.3). Although there has been a crystal structure of this complex for a 
number of years now (3.5 Å),116 the resolution is not enough to observe key details about 
protonation states or other side chain information within the active site and binding sites of this 
large complex. The stabilization of the redox center and ubiquinol binding site are of key interest 
in elucidating further mechanistic details of this protein, which can help in studies of other  
 
Figure 1.3 Schematic representation of mechanism of cytochrome bo3 ubquinol oxidase. 
Schematic representation of electron and proton transfer in cytochrome bo3 ubiquinol oxidase. Figure 
taken from Abramson et al.116 
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proteins in the heme-copper oxidase superfamily. 
Previous studies of this protein by MAS SSNMR have proven that the sample preparation 
produces samples that have the correct three-dimensional fold and that the sample is well ordered 
and produces sub-ppm line widths.80 With this, further MAS SSNMR studies can be used to 
probe specific amino acids in this large complex to elucidate their role in the overall mechanism 
of cytochrome bo3. 
1.5 Conclusion 
In conclusion, SSNMR possess many unique capabilities that makes it a fast evolving 
technique that holds huge potential for breaking down barriers in the field of structural biology 
of membrane proteins. Since SSNMR is still a very new method, compared with the rich history 
of X-ray crystallography and solution NMR structure determination, there are still a few 
challenges that need to be addressed to make SSNMR the universal tool for biologists that 
solution NMR has become. Here we hope to continue gaining ground on these challenges by 
addressing several major hurdles that face the study of large proteins, especially membrane 
proteins for the SSNMR field. The SSNMR community is currently working on addressing 
issues related to increasing sensitivity and resolution of SSNMR when applying structure 
determination procedures to larger proteins. Also, as the protein systems targeted by SSNMR 
begin getting larger and larger the data sets obtained with SSNMR will be rich with information, 
but parsing all of this information to get chemical shift assignments and distance restraints will 
be a major challenge if automated tools are not developed. Once these issues are addressed there 
will be a whole world of membrane protein structures that will become accessible through this 
method, that have been set aside by X-ray or solution NMR, due to poorly diffracting crystals or 
size limitations. 
 15 
1.6 References 
(1) Sussman, J. L.; Lin, D.; Jiang, J.; Manning, N. O.; Prilusky, J.; Ritter, O.; Abola, E. E. (1998) 
Protein Data Bank (PDB):  Database of three-dimensional structural information of 
biological macromolecules Acta Cryst., D54, 1078-1084. 
 
(2) Overington, J. P.; Al-Lazikani, B.; Hopkins, A. L. (2006) How many drug targets are there? 
Nat. Rev. Drug Discov., 5, 993-996. 
 
(3) Castellani, F.; van Rossum, B.; Diehl, A.; Schubert, M.; Rehbein, K.; Oschkinat, H. (2002) 
Structure of a protein determined by solid-state magic-angle-spinning NMR spectroscopy 
Nature, 420, 98-102. 
 
(4) Manolikas, T.; Herrmann, T.; Meier, B. H. (2008) Protein structure determination from C-13 
spin-diffusion solid-state NMR spectroscopy Chimia, 62, 439-439. 
 
(5) Loquet, A.; Bardiaux, B.; Gardiennet, C.; Blanchet, C.; Baldus, M.; Nilges, M.; Malliavin, T.; 
Bockmann, A. (2008) 3D structure determination of the Crh protein from highly 
ambiguous solid-state NMR restraints J. Am. Chem. Soc., 130, 3579-3589. 
 
(6) Lange, A.; Becker, S.; Seidel, K.; Giller, K.; Pongs, O.; Baldus, M. (2005) A concept for 
rapid protein-structure determination by solid-state NMR spectroscopy Angew. Chem. 
Int. Ed., 44, 2089-2092. 
 
(7) Nieuwkoop, A. J.; Rienstra, C. M. (2010) Supramolecular protein structure determination by 
site-specific long-range intermolecular solid state NMR spectroscopy J. Am. Chem. Soc., 
132, 7570-7571. 
 
(8) Nieuwkoop, A. J.; Wylie, B. J.; Franks, W. T.; Shah, G. J.; Rienstra, C. M. (2009) Atomic 
resolution protein structure determination by three-dimensional transferred echo double 
resonance solid-state nuclear magnetic resonance spectroscopy J. Chem. Phys., 131, 
095101. 
 
(9) Franks, W. T.; Wylie, B. J.; Schmidt, H. L. F.; Nieuwkoop, A. J.; Mayrhofer, R. M.; Shah, G. 
J.; Graesser, D. T.; Rienstra, C. M. (2008) Dipole tensor-based atomic-resolution 
structure determination of a nanocrystalline protein by solid-state NMR Proc. Natl. Acad. 
Sci. USA, 105, 4621-4626. 
 
(10) Zhou, D. H.; Shea, J. J.; Nieuwkoop, A. J.; Franks, W. T.; Wylie, B. J.; Mullen, C.; Sandoz, 
D.; Rienstra, C. M. (2007) Solid-state protein-structure determination with proton-
detected triple-resonance 3D magic-angle-spinning NMR spectroscopy Angew. Chem., 
Int. Ed., 46, 8380-8383. 
 
(11) Van Melckebeke, H.; Wasmer, C.; Lange, A.; Ab, E.; Loquet, A.; Bockmann, A.; Meier, B. 
H. (2010) Atomic-resolution three-dimensional structure of HET-s(218-289) amyloid 
fibrils by solid-state NMR spectroscopy J. Am. Chem. Soc., 132, 13765-13775. 
 16 
 
(12) Wasmer, C.; Lange, A.; Van Melckebeke, H.; Siemer, A. B.; Riek, R.; Meier, B. H. (2008) 
Amyloid fibrils of the HET-s(218-289) prion form a beta solenoid with a triangular 
hydrophobic core Science, 319, 1523-1526. 
 
(13) Bertini, I.; Bhaumik, A.; De Paepe, G.; Griffin, R. G.; Lelli, M.; Lewandowski, J. R.; 
Luchinat, C. (2010) High-resolution solid-state NMR structure of a 17.6 kDa protein J. 
Am. Chem. Soc., 132, 1032-1040. 
 
(14) Balayssac, S.; Bertini, I.; Bhaumik, A.; Lelli, M.; Luchinat, C. (2008) Paramagnetic shifts in 
solid-state NMR of proteins to elicit structural information Proc. Natl. Acad. Sci. USA, 
105, 17284-17289. 
 
(15) Jehle, S.; Rajagopal, P.; Bardiaux, B.; Markovic, S.; Kuhne, R.; Stout, J. R.; Higman, V. A.; 
Klevit, R. E.; van Rossum, B. J.; Oschkinat, H. (2010) Solid-state NMR and SAXS 
studies provide a structural basis for the activation of alpha B-crystallin oligomers Nat. 
Struct. Mol. Biol., 17, 1037-U1031. 
 
(16) Cady, S. D.; Schmidt-Rohr, K.; Wang, J.; Soto, C. S.; DeGrado, W. F.; Hong, M. (2010) 
Structure of the amantadine binding site of influenza M2 proton channels in lipid bilayers 
Nature, 463, 689-U127. 
 
(17) Li, M.; Hays, F. A.; Roe-Zurz, Z.; Vuong, L.; Kelly, L.; Ho, C. M.; Robbins, R. M.; Pieper, 
U.; O'Connell, J. D., 3rd; Miercke, L. J.; Giacomini, K. M.; Sali, A.; Stroud, R. M. (2009) 
Selecting optimum eukaryotic integral membrane proteins for structure determination by 
rapid expression and solubilization screening J. Mol. Biol., 385, 820-830. 
 
(18) Newby, Z. E.; O'Connell, J. D., 3rd; Gruswitz, F.; Hays, F. A.; Harries, W. E.; Harwood, I. 
M.; Ho, J. D.; Lee, J. K.; Savage, D. F.; Miercke, L. J.; Stroud, R. M. (2009) A general 
protocol for the crystallization of membrane proteins for X-ray structural investigation 
Nat. Protoc., 4, 619-637. 
 
(19) Carpenter, E. P.; Beis, K.; Cameron, A. D.; Iwata, S. (2008) Overcoming the challenges of 
membrane protein crystallography Curr. Opin. Struct. Biol., 18, 581-586. 
 
(20) Lacapere, J. J.; Pebay-Peyroula, E.; Neumann, J. M.; Etchebest, C. (2007) Determining 
membrane protein structures: still a challenge! Trends Biochem. Sci., 32, 259-270. 
 
(21) White, S. H. (2004) The progress of membrane protein structure determination Protein Sci., 
13, 1948-1949. 
 
(22) Wiener, M. C. (2004) A pedestrian guide to membrane protein crystallization Methods, 34, 
364-372. 
 
(23) Loll, P. J. (2003) Membrane protein structural biology: the high throughput challenge J. 
Struct. Biol., 142, 144-153. 
 17 
 
(24) Ostermeier, C.; Michel, H. (1997) Crystallization of membrane proteins Curr. Opin. Struct. 
Biol., 7, 697-701. 
 
(25) Kalipatnapu, S.; Chattopadhyay, A. (2005) Membrane protein solubilization: Recent 
advances and challenges in solubilization of serotonin(1A) receptors IUBMB Life, 57, 
505-512. 
 
(26) Rasmussen, S. G.; Choi, H. J.; Rosenbaum, D. M.; Kobilka, T. S.; Thian, F. S.; Edwards, P. 
C.; Burghammer, M.; Ratnala, V. R.; Sanishvili, R.; Fischetti, R. F.; Schertler, G. F.; 
Weis, W. I.; Kobilka, B. K. (2007) Crystal structure of the human beta2 adrenergic G-
protein-coupled receptor Nature, 450, 383-387. 
 
(27) Hunte, C.; Koepke, J.; Lange, C.; Rossmanith, T.; Michel, H. (2000) Structure at 2.3 
angstrom resolution of the cytochrome bc1 complex from the yeast Saccharomyces 
cerevisiae co-crystallized with an antibody Fv fragment Struct Fold Des, 8, 669-684. 
 
(28) Zhou, Y. F.; Morais-Cabral, J. H.; Kaufman, A.; MacKinnon, R. (2001) Chemistry of ion 
coordination and hydration revealed by a K+ channel-Fab complex at 2.0 angstrom 
resolution Nature, 414, 43-48. 
 
(29) Jiang, Y. X.; Lee, A.; Chen, J. Y.; Ruta, V.; Cadene, M.; Chait, B. T.; MacKinnon, R. 
(2003) X-ray structure of a voltage-dependent K+ channel Nature, 423, 33-41. 
 
(30) Inaba, K.; Murakami, S.; Nakagawa, A.; Iida, H.; Kinjo, M.; Ito, K.; Suzuki, M. (2009) 
Dynamic nature of disulphide bond formation catalysts revealed by crystal structures of 
DsbB EMBO J., 28, 779-791. 
 
(31) Su, C. C.; Long, F.; Zimmermann, M. T.; Rajashankar, K. R.; Jernigan, R. L.; Yu, E. W. 
(2011) Crystal structure of the CusBA heavy-metal efflux complex of Escherichia coli 
Nature, 470, 558-562. 
 
(32) Kowalczyk, L.; Ratera, M.; Paladino, A.; Bartoccioni, P.; Errasti-Murugarren, E.; Valencia, 
E.; Portella, G.; Bial, S.; Zorzano, A.; Fita, I.; Orozco, M.; Carpena, X.; Vazquez-Ibar, J. 
L.; Palacin, M. (2011) Molecular basis of substrate-induced permeation by an amino acid 
antiporter Proc. Natl. Acad. Sci. USA, 108, 3935-3940. 
 
(33) Cao, Y.; Jin, X.; Huang, H.; Derebe, M. G.; Levin, E. J.; Kabaleeswaran, V.; Pan, Y.; Punta, 
M.; Love, J.; Weng, J.; Quick, M.; Ye, S.; Kloss, B.; Bruni, R.; Martinez-Hackert, E.; 
Hendrickson, W. A.; Rost, B.; Javitch, J. A.; Rajashankar, K. R.; Jiang, Y.; Zhou, M. 
(2011) Crystal structure of a potassium ion transporter, TrkH Nature, 471, 336-340. 
 
(34) Li, W.; Schulman, S.; Dutton, R. J.; Boyd, D.; Beckwith, J.; Rapoport, T. A. (2010) 
Structure of a bacterial homologue of vitamin K epoxide reductase Nature, 463, 507-512. 
 18 
(35) Bieniossek, C.; Niederhauser, B.; Baumann, U. M. (2009) The crystal structure of apo-FtsH 
reveals domain movements necessary for substrate unfolding and translocation Proc. 
Natl. Acad. Sci. USA, 106, 21579-21584. 
 
(36) Rosenbaum, D. M.; Cherezov, V.; Hanson, M. A.; Rasmussen, S. G. F.; Thian, F. S.; 
Kobilka, T. S.; Choi, H. J.; Yao, X. J.; Weis, W. I.; Stevens, R. C.; Kobilka, B. K. (2007) 
GPCR engineering yields high-resolution structural insights into beta(2)-adrenergic 
receptor function Science, 318, 1266-1273. 
 
(37) Cherezov, V.; Rosenbaum, D. M.; Hanson, M. A.; Rasmussen, S. G. F.; Thian, F. S.; 
Kobilka, T. S.; Choi, H. J.; Kuhn, P.; Weis, W. I.; Kobilka, B. K.; Stevens, R. C. (2007) 
High-resolution crystal structure of an engineered human beta2-adrenergic G protein-
coupled receptor Science, 318, 1258-1265. 
 
(38) Kim, H. J.; Howell, S. C.; Van Horn, W. D.; Jeon, Y. H.; Sanders, C. R. (2009) Recent 
advances in the application of solution NMR spectroscopy to multi-span integral 
membrane proteins Prog. Nucl. Magn. Reson. Spectrosc., 55, 335-360. 
 
(39) Tian, C.; Karra, M. D.; Ellis, C. D.; Jacob, J.; Oxenoid, K.; Sonnichsen, F.; Sanders, C. R. 
(2005) Membrane protein preparation for TROSY NMR screening Methods Enzymol., 
394, 321-334. 
 
(40) Pervushin, K.; Riek, R.; Wider, G.; Wuthrich, K. (1997) Attenuated T-2 relaxation by 
mutual cancellation of dipole-dipole coupling and chemical shift anisotropy indicates an 
avenue to NMR structures of very large biological macromolecules in solution Proc. 
Natl. Acad. Sci. USA, 94, 12366-12371. 
 
(41) Gardner, K. H.; Kay, L. E. (1998) The use of 2H,13C,15N multidimensional NMR to study the 
structure and dynamics of proteins Annu. Rev. Biophys. Biomol. Struct., 27, 357-406. 
 
(42) Keller, T.; Schwarz, D.; Bernhard, F.; Dotsch, V.; Hunte, C.; Gorboulev, V.; Koepsell, H. 
(2008) Cell free expression and functional reconstitution of eukaryotic drug transporters 
Biochemistry, 47, 4552-4564. 
 
(43) Shimada, Y.; Wang, Z. Y.; Mochizuki, Y.; Kobayashi, M.; Nozawa, T. (2004) Functional 
expression and characterization of a bacterial light-harvesting membrane protein in 
Escherichia coli and cell-free synthesis systems Biosci Biotech Bioch, 68, 1942-1948. 
 
(44) Berrier, C.; Park, K. H.; Abes, S.; Bibonne, A.; Betton, J. M.; Ghazi, A. (2004) Cell-free 
synthesis of a functional ion channel in the absence of a membrane and in the presence of 
detergent Biochemistry, 43, 12585-12591. 
 
(45) Klammt, C.; Lohr, F.; Schafer, B.; Haase, W.; Dotsch, V.; Ruterjans, H.; Glaubitz, C.; 
Bernhard, F. (2004) High level cell-free expression and specific labeling of integral 
membrane proteins Eur. J. Biochem., 271, 568-580. 
 
 19 
(46) Elbaz, Y.; Steiner-Mordoch, S.; Danieli, T.; Schuldiner, S. (2004) In vitro synthesis of fully 
functional EmrE, a multidrug transporter, and study of its oligomeric state Proc. Natl. 
Acad. Sci. USA 101, 1519-1524. 
 
(47) Klammt, C.; Schwarz, D.; Eifler, N.; Engel, A.; Piehler, J.; Haase, W.; Hahn, S.; Dotsch, V.; 
Bernhard, F. (2007) Cell-free production of G protein-coupled receptors for functional 
and structural studies J. Struct. Biol., 158, 482-493. 
 
(48) Ishihara, G.; Goto, M.; Saeki, M.; Ito, K.; Hori, T.; Kigawa, T.; Shirouzu, M.; Yokoyama, S. 
(2005) Expression of G protein coupled receptors in a cell-free translational system using 
detergents and thioredoxin-fusion vectors Protein Expres. Purif., 41, 27-37. 
 
(49) Maslennikov, I.; Klammt, C.; Hwang, E.; Kefala, G.; Okamura, M.; Esquivies, L.; Mors, K.; 
Glaubitz, C.; Kwiatkowski, W.; Jeon, Y. H.; Choe, S. (2010) Membrane domain 
structures of three classes of histidine kinase receptors by cell-free expression and rapid 
NMR analysis Proc. Natl. Acad. Sci. USA, 107, 10902-10907. 
 
(50) Arora, A.; Abildgaard, F.; Bushweller, J. H.; Tamm, L. K. (2001) Structure of outer 
membrane protein A transmembrane domain by NMR spectroscopy Nat. Struct. Biol., 8, 
334-338. 
 
(51) Hwang, P. M.; Choy, W. Y.; Lo, E. I.; Chen, L.; Forman-Kay, J. D.; Raetz, C. R. H.; Prive, 
G. G.; Bishop, R. E.; Kay, L. E. (2002) Solution structure and dynamics of the outer 
membrane enzyme PagP by NMR Proc. Natl. Acad. Sci. USA, 99, 13560-13565. 
 
(52) Fernandez, C.; Hilty, C.; Wider, G.; Guntert, P.; Wuthrich, K. (2004) NMR structure of the 
integral membrane protein OmpX J. Mol. Biol., 336, 1211-1221. 
 
(53) Liang, B. Y.; Tamm, L. K. (2007) Structure of outer membrane protein G by solution NMR 
spectroscopy Proc. Natl. Acad. Sci. USA, 104, 16140-16145. 
 
(54) Hiller, S.; Garces, R. G.; Malia, T. J.; Orekhov, V. Y.; Colombini, M.; Wagner, G. (2008) 
Solution structure of the integral human membrane protein VDAC-1 in detergent 
micelles Science, 321, 1206-1210. 
 
(55) Bayrhuber, M.; Meins, T.; Habeck, M.; Becker, S.; Giller, K.; Villinger, S.; Vonrhein, C.; 
Griesinger, C.; Zweckstetter, M.; Zeth, K. (2008) Structure of the human voltage-
dependent anion channel Proc. Natl. Acad. Sci. USA, 105, 15370-15375. 
 
(56) MacKenzie, K. R.; Prestegard, J. H.; Engelman, D. M. (1997) A transmembrane helix 
dimer: Structure and implications Science, 276, 131-133. 
 
(57) Howell, S. C.; Mesleh, M. F.; Opella, S. J. (2005) NMR structure determination of a 
membrane protein with two transmembrane helices in micelles: MerF of the bacterial 
mercury detoxification system Biochemistry, 44, 5196-5206. 
 
 20 
(58) Call, M. E.; Schnell, J. R.; Xu, C.; Lutz, R. A.; Chou, J. J.; Wucherpfennig, K. W. (2006) 
The structure of the ζζ transmembrane dimer reveals features essential for its assembly 
with the T cell receptor Cell, 127, 355-368. 
 
(59) Bocharov, E. V.; Pustovalova, Y. E.; Pavlov, K. V.; Volynsky, P. E.; Goncharuk, M. V.; 
Ermolyuk, Y. S.; Karpunin, D. V.; Schulga, A. A.; Kirpichnikov, M. P.; Efremov, R. G.; 
Maslennikov, I. V.; Arseniev, A. S. (2007) Unique dimeric structure of BNip3 
transmembrane domain suggests membrane permeabilization as a cell death trigger J. 
Biol. Chem., 282, 16256-16266. 
 
(60) Bocharov, E. V.; Mineev, K. S.; Volynsky, P. E.; Ermolyuk, Y. S.; Tkach, E. N.; Sobol, A. 
G.; Chupin, V. V.; Kirpichnikov, M. P.; Efremov, R. G.; Arseniev, A. S. (2008) Spatial 
structure of the dimeric transmembrane domain of the growth factor receptor ErbB2 
presumably corresponding to the receptor active state J. Biol. Chem., 283, 6950-6956. 
 
(61) Lau, T. L.; Kim, C.; Ginsberg, M. H.; Ulmer, T. S. (2009) The structure of the integrin 
αIIbβ3 transmembrane complex explains integrin transmembrane signalling EMBO J., 
28, 1351-1361. 
 
(62) Yu, L. P.; Sun, C. H.; Song, D. Y.; Shen, J. W.; Xu, N.; Gunasekera, A.; Hajduk, P. J.; 
Olejniczak, E. T. (2005) Nuclear magnetic resonance structural studies of a potassium 
channel-charybdotoxin complex Biochemistry, 44, 15834-15841. 
 
(63) Schnell, J. R.; Chou, J. J. (2008) Structure and mechanism of the M2 proton channel of 
influenza A virus Nature, 451, 591-595. 
 
(64) Oxenoid, K.; Chou, J. J. (2005) The structure of phospholamban pentamer reveals a 
channel-like architecture in membranes Proc. Natl. Acad. Sci. USA, 102, 10870-10875. 
 
(65) Van Horn, W. D.; Kim, H. J.; Ellis, C. D.; Hadziselimovic, A.; Sulistijo, E. S.; Karra, M. D.; 
Tian, C. L.; Sonnichsen, F. D.; Sanders, C. R. (2009) Solution Nuclear Magnetic 
Resonance Structure of Membrane-Integral Diacylglycerol Kinase Science, 324, 1726-
1729. 
 
(66) Kang, C.; Tian, C.; Sonnichsen, F. D.; Smith, J. A.; Meiler, J.; George, A. L., Jr.; Vanoye, 
C. G.; Kim, H. J.; Sanders, C. R. (2008) Structure of KCNE1 and implications for how it 
modulates the KCNQ1 potassium channel Biochemistry, 47, 7999-8006. 
 
(67) Zhou, Y. P.; Cierpicki, T.; Jimenez, R. H. F.; Lukasik, S. M.; Ellena, J. F.; Cafiso, D. S.; 
Kadokura, H.; Beckwith, J.; Bushweller, J. H. (2008) NMR solution structure of the 
integral membrane enzyme DsbB: Functional insights into DsbB-catalyzed disulfide 
bond formation Mol. Cell, 31, 896-908. 
 
(68) Gautier, A.; Mott, H. R.; Bostock, M. J.; Kirkpatrick, J. P.; Nietlispach, D. (2010) Structure 
determination of the seven-helix transmembrane receptor sensory rhodopsin II by 
solution NMR spectroscopy Nat. Struct. Mol. Biol., 17, 768-U147. 
 21 
 
(69) Rienstra, C. M.; Tucker-Kellogg, L.; Jaroniec, C. P.; Hohwy, M.; Reif, B.; McMahon, M. 
T.; Tidor, B.; Lozano-Perez, T.; Griffin, R. G. (2002) De novo determination of peptide 
structure with solid-state magic-angle spinning NMR spectroscopy Proc. Natl. Acad. Sci. 
USA, 99, 10260-10265. 
 
(70) Tang, M.; Sperling, L. J.; Berthold, D. A.; Nesbitt, A. E.; Gennis, R. B.; Rienstra, C. M. 
(2011) Solid-state NMR study of the charge-transfer complex between Ubiquinone-8 and 
disulfide bond generating membrane protein DsbB J. Am. Chem. Soc., 133, 4459-4366. 
 
(71) Williamson, P. T.; Verhoeven, A.; Miller, K. W.; Meier, B. H.; Watts, A. (2007) The 
conformation of acetylcholine at its target site in the membrane-embedded nicotinic 
acetylcholine receptor Proc. Natl. Acad. Sci. USA, 104, 18031-18036. 
 
(72) Patel, A. B.; Crocker, E.; Eilers, M.; Hirshfeld, A.; Sheves, M.; Smith, S. O. (2004) 
Coupling of retinal isomerization to the activation of rhodopsin Proc. Natl. Acad. Sci. 
USA 101, 10048-10053. 
 
(73) Creemers, A. F. L.; Kiihne, S.; Bovee-Geurts, P. H. M.; DeGrip, W. J.; Lugtenburg, J.; de 
Groot, H. J. M. (2002) 1H and 13C MAS NMR evidence for pronounced ligand-protein 
interactions involving the ionone ring of the retinylidene chromophore in rhodopsin Proc. 
Natl. Acad. Sci. USA, 99, 9101-9106. 
 
(74) Ader, C.; Schneider, R.; Seidel, K.; Etzkorn, M.; Becker, S.; Baldus, M. (2009) Structural 
rearrangements of membrane proteins probed by water-edited solid-state NMR 
spectroscopy J. Am. Chem. Soc., 131, 170-176. 
 
(75) Lange, A.; Giller, K.; Hornig, S.; Martin-Eauclaire, M.-F.; Pongs, O.; Becker, S.; Baldus, 
M. (2006) Toxin-induced conformational changes in a potassium channel revealed by 
solid-state NMR Nature, 440, 959-962. 
 
(76) Huang, L.; McDermott, A. E. (2008) Partial site-specific assignment of a uniformly 13C,15N 
enriched membrane protein, light-harvesting complex 1 (LH1), by solid state NMR BBA-
Bioenergetics, 1777, 1098-1108. 
 
(77) van Gammeren, A. J.; Hulsbergen, F. B.; Hollander, J. G.; Groot, H. J. (2005) Residual 
backbone and side-chain 13C and 15N resonance assignments of the intrinsic 
transmembrane light-harvesting 2 protein complex by solid-state magic-angle apinning 
NMR spectroscopy J. Biomol. NMR, 31, 279-293. 
 
(78) Li, Y.; Berthold, D. A.; Gennis, R. B.; Rienstra, C. M. (2008) Chemical shift assignment of 
the transmembrane helices of DsbB, a 20-kDa integral membrane enzyme, by 3D magic-
angle spinning NMR spectroscopy Protein Sci., 17, 199-204. 
 
 22 
(79) Li, Y.; Berthold, D. A.; Frericks, H. L.; Gennis, R. B.; Rienstra, C. M. (2007) Partial 13C and 
15N chemical-shift assignments of the disulfide-bond-forming enzyme DsbB by 3D 
magic-angle spinning NMR spectroscopy ChemBioChem, 8, 434-442. 
 
(80) Frericks, H. L.; Zhou, D. H.; Yap, L. L.; Gennis, R. B.; Rienstra, C. M. (2006) Magic-angle 
spinning solid-state NMR of a 144 kDa membrane protein complex: E. coli cytochrome 
bo3 oxidase J. Biomol. NMR, 36, 55-71. 
 
(81) Kijac, A. Z.; Li, Y.; Sligar, S. G.; Rienstra, C. M. (2007) Magic-angle spinning solid-state 
NMR spectroscopy of nanodisc-embedded human CYP3A4 Biochemistry, 46, 13696-
13703. 
 
(82) Rupasinghe, S. G.; Duan, H.; Schmidt, H. L. F.; Berthold, D. A.; Rienstra, C. M.; Schuler, 
M. A. (2007) High-yield expression and purification of isotopically labeled cytochrome 
P450 monooxygenases for solid-state NMR spectroscopy Biochim. Biophys. Acta, 
Biomembr., 1768, 3061-3070. 
 
(83) Shi, L. C.; Ahmed, M. A. M.; Zhang, W. R.; Whited, G.; Brown, L. S.; Ladizhansky, V. 
(2009) Three-dimensional solid-state NMR study of a seven-helical integral membrane 
proton pump-structural insights J. Mol. Biol., 386, 1078-1093. 
 
(84) Etzkorn, M.; Martell, S.; Andronesi, O. C.; Seidel, K.; Engelhard, M.; Baldus, M. (2007) 
Secondary structure, dynamics, and topology of a seven-helix receptor in native 
membranes, studied by solid-state NMR spectroscopy Angew. Chem. Int. Ed., 46, 459-
462. 
 
(85) Hiller, M.; Higman, V. A.; Jehle, S.; van Rossum, B. J.; Kuhlbrandt, W.; Oschkinat, H. 
(2008) [2,3-13C]-labeling of aromatic residues-getting a head start in the magic-angle-
spinning NMR assignment of membrane proteins J. Am. Chem. Soc., 130, 408-409. 
 
(86) Hiller, M.; Krabben, L.; Vinothkumar, K. R.; Castellani, F.; van Rossum, B. J.; Kuhlbrandt, 
W.; Oschkinat, H. (2005) Solid-state magic-angle spinning NMR of outer-membrane 
protein G from Escherichia coli ChemBioChem, 6, 1679-1684. 
 
(87) Linser, R.; Fink, U.; Reif, B. (2008) Proton-detected scalar coupling based assignment 
strategies in MAS solid-state NMR spectroscopy applied to perdeuterated proteins J. 
Magn. Reson., 193, 89-93. 
 
(88) Zhou, D. H.; Shah, G.; Cormos, M.; Mullen, C.; Sandoz, D.; Rienstra, C. M. (2007) Proton-
detected solid-state NMR spectroscopy of fully protonated proteins at 40 kHz magic-
angle spinning J. Am. Chem. Soc., 129, 11791-11801. 
 
(89) Agarwal, V.; Diehl, A.; Skrynnikov, N.; Reif, B. (2006) High resolution 1H detected 1H,13C 
correlation spectra in MAS solid-state NMR using deuterated proteins with selective 
1H,2H isotopic labeling of methyl groups J. Am. Chem. Soc., 128, 12620-12621. 
 
 23 
(90) Sperling, L. J.; Berthold, D. A.; Sasser, T. L.; Jeisy-Scott, V.; Rienstra, C. M. (2010) 
Assignment strategies for large proteins by magic-angle spinning NMR: the 21-kDa 
disulfide bond forming enzyme DsbA J. Mol. Biol., 399, 268-282. 
 
(91) Hong, M.; Jakes, K. (1999) Selective and extensive 13C labeling of a membrane protein for 
solid-state NMR investigations J. Biomol. NMR, 14, 71-74. 
 
(92) Franks, W. T.; Kloepper, K. D.; Wylie, B. J.; Rienstra, C. M. (2007) Four-dimensional 
heteronuclear correlation experiments for chemical shift assignment of solid proteins J. 
Biomol. NMR, 39, 107-131. 
 
(93) Li, Y.; Wylie, B. J.; Rienstra, C. M. (2006) Selective refocusing pulses in magic-angle 
spinning NMR: Characterization and applications to multi-dimensional protein 
spectroscopy J. Magn. Reson., 179, 206-216. 
 
(94) Doty, F. D.; Kulkarni, J.; Turner, C.; Entzminger, G.; Bielecki, A. (2006) Using a cross-coil 
to reduce RF heating by an order of magnitude in triple-resonance multinuclear MAS at 
high fields J. Magn. Reson., 182, 239-253. 
 
(95) Stringer, J. A.; Bronnimann, C. E.; Mullen, C. G.; Zhou, D. H.; Stellfox, S. A.; Li, Y.; 
Williams, E. H.; Rienstra, C. M. (2005) Reduction of RF-induced sample heating with a 
scroll coil resonator structure for solid-state NMR probes J. Magn. Reson., 173, 40-48. 
 
(96) Franks, W. T.; Atreya, H. S.; Szyperski, T.; Rienstra, C. M. (2010) GFT projection NMR 
spectroscopy for proteins in the solid state J. Biomol. NMR, 48, 213-223. 
 
(97) Chen, L.; Kaiser, J. M.; Polenova, T.; Yang, J.; Rienstra, C. M.; Mueller, L. J. (2007) 
Backbone assignments in solid-state proteins using J-based 3D Heteronuclear correlation 
spectroscopy J. Am. Chem. Soc., 129, 10650-10651. 
 
(98) Chen, L. L.; Kaiser, J. M.; Lai, J. F.; Polenova, T.; Yang, J.; Rienstra, C. M.; Mueller, L. J. 
(2007) J-based 2D homonuclear and heteronuclear correlation in solid-state proteins 
Magn. Reson. Chem., 45, S84-S92. 
 
(99) Chen, L. L.; Olsen, R. A.; Elliott, D. W.; Boettcher, J. M.; Zhou, D. H.; Rienstra, C. M.; 
Mueller, L. J. (2006) Constant-time through-bond 13C correlation spectroscopy for 
assigning protein resonances with solid-state NMR spectroscopy J. Am. Chem. Soc., 128, 
9992-9993. 
 
(100) Zhou, D. H.; Kloepper, K. D.; Winter, K. A.; Rienstra, C. M. (2006) Band-selective 13C 
homonuclear 3D spectroscopy for solid proteins at high field with rotor-synchronized soft 
pulses J. Biomol. NMR, 34, 245-257. 
 
(101) Raman, S.; Lange, O. F.; Rossi, P.; Tyka, M.; Wang, X.; Aramini, J.; Liu, G. H.; Ramelot, 
T. A.; Eletsky, A.; Szyperski, T.; Kennedy, M. A.; Prestegard, J.; Montelione, G. T.; 
 24 
Baker, D. (2010) NMR structure determination for larger proteins using backbone-only 
data Science, 327, 1014-1018. 
 
(102) Shen, Y.; Lange, O.; Delaglio, F.; Rossi, P.; Aramini, J. M.; Liu, G. H.; Eletsky, A.; Wu, 
Y. B.; Singarapu, K. K.; Lemak, A.; Ignatchenko, A.; Arrowsmith, C. H.; Szyperski, T.; 
Montelione, G. T.; Baker, D.; Bax, A. (2008) Consistent blind protein structure 
generation from NMR chemical shift data Proc. Natl. Acad. Sci. USA, 105, 4685-4690. 
 
(103) Wishart, D. S.; Arndt, D.; Berjanskii, M.; Tang, P.; Zhou, J.; Lin, G. (2008) CS23D: a web 
server for rapid protein structure generation using NMR chemical shifts and sequence 
data Nucleic Acids Res., 36, W496-502. 
 
(104) Schwieters, C. D.; Kuszewski, J. J.; Tjandra, N.; Clore, G. M. (2003) The Xplor-NIH 
NMR molecular structure determination package J. Magn. Reson., 160, 65-73. 
 
(105) Herrmann, T.; Guntert, P.; Wuthrich, K. (2002) Protein NMR structure determination with 
automated NOE assignment using the new software CANDID and the torsion angle 
dynamics algorithm DYANA J. Mol. Biol., 319, 209-227. 
 
(106) Guntert, P.; Mumenthaler, C.; Wuthrich, K. (1997) Torsion angle dynamics for NMR 
structure calculation with the new program DYANA J. Mol. Biol., 273, 283-298. 
 
(107) Inaba, K.; Ito, K. (2008) Structure and mechanisms of the DsbB-DsbA disulfide bond 
generation machine BBA-Mol. Cell Res., 1783, 520-529. 
 
(108) Malojčić, G.; Owen, R. L.; Grimshaw, J. P. A.; Glockshuber, R. (2008) Preparation and 
structure of the charge-transfer intermediate of the transmembrane redox catalyst DsbB 
FEBS Lett., 582, 3301-3307. 
 
(109) Inaba, K.; Murakami, S.; Suzuki, M.; Nakagawa, A.; Yamashita, E.; Okada, K.; Ito, K. 
(2006) Crystal structure of the DsbB-DsbA complex reveals a mechanism of disulfide 
bond generation Cell, 127, 789-801. 
 
(110) Grauschopf, U.; Fritz, A.; Glockshuber, R. (2003) Mechanism of the electron transfer 
catalyst DsbB from Escherichia coli EMBO J., 22, 3503-3513. 
 
(111) Inaba, K.; Ito, K. (2002) Paradoxical redox properties of DsbB and DsbA in the protein 
disulfide-introducing reaction cascade EMBO J., 21, 2646-2654. 
 
(112) Renault, M.; Cukkemane, A.; Baldus, M. (2010) Solid-state NMR spectroscopy on 
complex biomolecules Angew. Chem., Int. Ed., 49, 8346-8357. 
 
(113) Tang, M.; Sperling, L. J.; Berthold, D. A.; Schwieters, C. D.; Nesbitt, A. E.; Nieuwkoop, 
A. J.; Gennis, R. B.; Rienstra, C. M. (2011) Super-resolution membrane protein structure 
by solid-state NMR spectroscopy submitted. 
 
 25 
(114) Gennis, R. B. (1998) Multiple proton-conducting pathways in cytochrome oxidase and a 
proposed role for the active-site tyrosine BBA-Bioenergetics, 1365, 241-248. 
 
(115) Puustinen, A.; Finel, M.; Haltia, T.; Gennis, R. B.; Wikstrom, M. (1991) Properties of the 
two terminal oxidases of Escherichia coli Biochemistry, 30, 3936-3942. 
 
(116) Abramson, J.; Riistama, S.; Larsson, G.; Jasaitis, A.; Svensson-Ek, M.; Laakkonen, L.; 
Puustinen, A.; Iwata, S.; Wikstrom, M. (2000) The structure of the ubiquinol oxidase 
from Escherichia coli and its ubiquinone binding site Nat. Struct. Biol., 7, 910-917. 
 
 
 26 
CHAPTER 2  
High Resolution NMR Spectroscopy of Nanocrystalline Proteins at 
Ultra-High Magnetic Field 
2.1 Notes and Acknowledgements 
 This chapter is adapted with kind permission from Springer Science and Business Media: 
Journal of Biomolecular NMR, High Resolution NMR Spectroscopy of Nanocrystalline Proteins 
at Ultra-High Magnetic Field, volume 46, 2010, pages 0925-2738, authors: Lindsay J. Sperling, 
Andrew J. Nieuwkoop, Andrew S. Lipton, Deborah A. Berthold, and Chad M. Rienstra. This 
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2.2 Abstract 
Magic-angle spinning (MAS) solid-state NMR (SSNMR) spectroscopy of uniformly-13C,15N 
labeled protein samples provides insight into atomic-resolution chemistry and structure. Data 
collection efficiency has advanced remarkably in the last decade; however, the study of larger 
proteins is still challenged by relatively low resolution in comparison to solution NMR. In this 
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study, we present a systematic analysis of SSNMR protein spectra acquired at 11.7, 17.6 and 
21.1 Tesla (1H frequencies of 500, 750, and 900 MHz). For two protein systems—GB1, a 6 kDa 
nanocrystalline protein and DsbA, a 21 kDa nanocrystalline protein—line narrowing is 
demonstrated in all spectral regions with increasing field. Resolution enhancement is greatest in 
the aliphatic region, including methine, methylene and methyl sites.  The resolution for GB1 
increases markedly as a function of field, and for DsbA, resolution in the C-C region increases 
by 42%, according to the number of peaks that can be uniquely picked and integrated in the 900 
MHz spectra when compared to the 500 MHz spectra.  Additionally, chemical exchange is 
uniquely observed in the highest field spectra for at least two isoleucine Cδ1 sites in DsbA.  
These results further illustrate the benefits of high-field MAS SSNMR spectroscopy for protein 
structural studies.    
2.3 Introduction 
Solid-state NMR (SSNMR) spectroscopy is a powerful tool for studying protein structure and 
function, uniquely able to address macroscopically disordered proteins. Insights from SSNMR 
include atomic-resolution structure, site-specific dynamics, metal center chemistry, and 
orientation of membrane proteins in bilayers.1-4 In recent years, methods have increasingly 
emphasized the use of uniformly-13C,15N-labeled samples to obtain site-specific information 
throughout an entire protein in each experiment, a capability for which high magnetic field has 
been demonstrated to be critical.5-10 In principle, this approach greatly enhances throughput and 
precision of analysis for large peptides and proteins; in practice, however, spectra may be 
insufficiently resolved to permit resonance assignments and subsequent analysis. To enhance 
resolution, investigators have made advances in isotopic labeling schemes,11,12 decoupling 
sequences,13-15 and probe designs.16-18 
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Here we demonstrate systematically the benefits of using ultra-high magnetic fields for 
magic-angle spinning (MAS) spectra of proteins as nanocrystalline protein preparations. We 
demonstrate the experimental spectral resolution enhancement at ultra-high field with direct 
comparison of two proteins over a large range of resonance frequencies, including the highest 
magnetic field currently available for protein MAS studies (900 MHz). We observe a linear 
resolution benefit and find that chemical exchange is most prominent at ultra-high field. 
2.4 Materials and Methods 
2.4.1 Sample Preparation 
DsbA has been successfully expressed in 100 mg quantities using an expression method 
described by Marley et al.19 E. coli containing DsbA expression plasmid were grown in 
unlabeled rich medium (LB) to generate large cell mass and then transferred to one-fourth 
volume of isotopically labeled minimal media prior to induction with IPTG. The cells were lysed 
by osmotic shock to release the periplasmic proteins. The procedure is intended to wash the cells 
with sucrose and then lyse the outer membrane with water, but we found that collecting the wash 
and the water supernatants increased the yield. DsbA was then purified by anion exchange 
chromatography, and ultimately oxidized with 5 mM glutathione and crystallized in a solution of 
30% PEG 8000, 50 mM cacodylate pH 6.5, and 1.5% 2-methyl-2,4-pentanediol. The 
nanocrystalline solid was packed into limited speed 3.2-mm rotors. The preparation for GB1 has 
been previously reported.20-22 
2.4.2 SSNMR Spectroscopy 
Spectra were acquired at B0 fields of 11.7, 17.6, and 21.1 Tesla on a 500 MHz (1H frequency) 
Varian Infinity Plus spectrometer, a 750 MHz (1H frequency) Varian Unity Inova, and a 900 
MHz (1H frequency) Varian Unity Inova. MAS rates were 11.111 kHz at 500 MHz, 12.500 kHz 
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at 750 MHz, and 13.333 kHz at 900 MHz. The 500 MHz and 750 MHz data were acquired with 
Varian BalunTM 1H-13C-15N 3.2 mm probes, and the 900 MHz data were acquired with a Varian 
BioMASTM 1H-13C-15N 3.2 mm probe in double resonance (1H-13C) mode.16 The DsbA data were 
acquired on a 3.2 mm standard wall rotor with ~6 mg protein on the 750 MHz spectrometer, and 
on a 3.2 mm limited speed rotor with ~18 mg protein on the 500 and 900 MHz spectrometers. 
The GB1 data were acquired on three different 3.2 mm standard wall rotors with ~24 mg protein 
on the 750 and ~10 mg protein on the 500 MHz, and ~12 mg protein on the 900 MHz 
spectrometers. All pulse sequences utilized tangent ramped cross polarization23 with TPPM 
decoupling13 applied during the acquisition and evolution periods. The variable temperature gas 
was maintained at -10 ˚C for DsbA with 100 scfh flow. The temperatures for GB1 varied at each 
field such that GB1 was maintained at 0 ˚C for the 500 MHz experiments and -10 ˚C for the 750 
MHz experiments, and the 900 MHz experiments. Chemical shifts were referenced externally 
with adamantine.24 Data were processed with nmrPipe25 with back linear prediction and 
polynomial baseline (frequency domain) correction applied to the direct dimension. Zero filling 
to 16,384 in the direct dimension and 8,192 in the indirect dimension was applied and 
Lorentzian-to-Gaussian apodization was employed for each dimension before Fourier 
transformation; further details with specifics for each spectrum are found in the respective figure 
captions. 
2.5 Results and Discussion 
To minimize variations arising from technical details such as spectrometer electronics, probe 
design and sample preparations, we employed highly homologous instrument configurations and 
standard pulse sequences, applied to replica samples throughout this study.  We prepared two 
proteins: (1) the 56 residue, 6 kDa immunoglobulin binding domain B1 of protein G, GB122,26 
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and (2) the 21 kDa soluble disulfide bond forming enzyme, DsbA. Each sample was packed in a 
limited speed 3.2-mm MAS rotor (Varian, Inc., Palo Alto, CA and Fort Collins, CO). Spectra 
were collected on three similar spectrometers and triple resonance 1H-13C-15N probes (500 MHz 
Infinity Plus and 750 MHz Inova with BalunTM 1H-13C-15N probe at the University of Illinois at 
Urbana-Champaign; 900 MHz Inova with BioMASTM at the Pacific Northwest National 
Laboratories, Richland, WA), employing standard pulse sequences, including 1H-13C CP-MAS 
and two-dimensional (2D) 13C-13C with DARR mixing27,28 and carefully adjusted TPPM 
decoupling.13 One can envision further improvements upon application of more recently 
developed pulse sequences.  
 
Figure 2.1 13C-13C 2D SSNMR spectra of GB1 
Aliphatic region of 2D 13C-13C spectra of uniformly-13C,15N labeled GB1 acquired with DARR mixing on 
spectrometers with varying 1H frequencies.  a) 500 MHz with 10 ms mixing (12 hrs); b) 750 MHz with 25 
ms mixing (5 hrs); c) 900 MHz with 50 ms mixing (9.5 hrs).  All spectra were processed identically, with 
40 Hz and 40 Hz Lorentzian-to-Gaussian line broadening in the direct and indirect dimensions 
respectively. 
GB1 was used initially to calibrate the instruments and assess the mixing time dependence of 
cross peak intensities (Figure 2.1). We found the polarization transfer rates (at approximately the 
same MAS rates) to scale with the inverse square of magnetic field. Thus subsequent 2D 13C-13C 
data sets were acquired with DARR mixing times of 50, 100, and 200 ms at 500, 750, and 900 
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Mhz (1H frequencies) respectively, to produce similar cross peak intensity patterns. Not only the 
rate but also the overall efficiency of mixing at higher field is decreased (based on the ratio of 
cross peak to diagonal intensity); therefore sensitivity in the 2D spectra cannot be accurately 
compared, and we focus subsequent discussion on the relative resolution of the spectra.  
Spectra were acquired with a minimum of 6 ms evolution in the indirect dimension (t1) and 
15 ms in the direct dimension (t2), with appropriate apodization applied (net broadening was 
applied using a 1:2 Lorentzian-to-Gaussian function), prior to zero filling (8k and 16k points 
respectively), Fourier transformation, and baseline correction. Complete processing details and 
spectra for each protein are included in the figure captions. 
 
Figure 2.2 Methyl region of 13C-13C 2D SSNMR spectra of GB1 
Methyl region of 2D 13C-13C spectra of uniformly-13C,15N labeled GB1 acquired with DARR mixing on 
spectrometers with varying 1H frequencies.  a) 500 MHz with 10 ms mixing (12 hrs); b) 750 MHz with 25 
ms mixing (5 hrs); c) 900 MHz with 50 ms mixing (9.5 hrs).  All spectra were processed identically, with 
40 Hz and 40 Hz Lorentzian-to-Gaussian line broadening in the direct and indirect dimensions 
respectively. 
Resolution enhancement can be easily observed in the GB1 spectra where at 500 MHz (1H 
frequency) (Figure 2.1a) there is some overlap of resonances, predominantly in the methyl region 
(Figure 2.2a) close to the diagonal and in the Cα-Cβ region where peaks cannot be baseline 
resolved from one another. However moving up in magnetic field (Figure 2.1b-c, Figure 2.2b-c) 
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the resolution is improved to the point that every peak in the 900 MHz (1H frequency) spectra 
can be individually baseline resolved. The methyl region specifically shows amazing 
improvement since even the peaks that are close to the diagonal become resolved, not only from 
other cross peaks, but also from the diagonal itself. 
 
Figure 2.3 13C-13C 2D SSNMR spectra of DsbA 
Aliphatic region of 2D 13C-13C spectra of uniformly-13C,15N labeled wild type oxidized DsbA acquired 
with DARR mixing on spectrometers with varying 1H frequencies.  a) 500 MHz with 50 ms mixing (9.6 
hrs); b) 750 MHz with 100 ms mixing (30 hrs); c) 900 MHz with 200 ms mixing (27.5 hrs).  All spectra 
were processed identically, with 15 Hz and 35 Hz Lorentzian-to-Gaussian line broadening in the direct 
and indirect dimensions respectively. 
This trend can also be seen in larger proteins, like DsbA, which shows the resolution 
enhancement with increasing magnetic field, just as GB1 does (Figure 2.3). Although DsbA has 
a high degree of diversity of secondary structure elements29-31 giving peaks within specific amino 
acids types greater chemical shift dispersion,32-34 there are still many overlapped regions in the 
spectra.  
The resolution enhancement is most prominently observed in the aliphatic Cα-Cβ region 
(Figure 2.4) and the methyl region (Figure 2.5) of the 2D 13C-13C DsbA spectra acquired at 500 
MHz (Figure 2.4a-2.5a), 750 MHz (Figure 2.4b-2.5b), and 900 MHz (Figure 2.4c-2.5c). Despite 
the presence of 189 residues in this protein, the majority of aliphatic correlations (55-65 ppm in 
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F1, 25-40 ppm in F2) are uniquely resolved at 900 MHz (Figure 2.4c). Although some chemical 
shift patterns (Ala, Thr, Val) are sufficiently resolved even at 500 MHz, the more congested 
methyl region (20-26 ppm in F2) illustrates a particularly significant improvement in resolution  
 
Figure 2.4 CA-CB region of 13C-13C 2D SSNMR spectra of DsbA 
Cα-Cβ region of 2D 13C-13C spectra of uniformly-13C,15N labeled wild type oxidized DsbA acquired with 
DARR mixing on spectrometers with varying 1H frequencies. a) 500 MHz with 50 ms mixing (9.6 hrs); b) 
750 MHz with 100 ms mixing (30 hrs); c) 900 MHz with 200 ms mixing (27.5 hrs).  All spectra were 
processed identically as noted in Figure 2.3. 
 
Figure 2.5 Methyl region of 13C-13C 2D SSNMR spectra of DsbA 
Methyl region of 2D 13C-13C spectra of uniformly-13C,15N labeled wild type oxidized DsbA acquired with 
DARR mixing on spectrometers with varying 1H frequencies. a) 500 MHz with 50 ms mixing (9.6 hrs); b) 
750 MHz with 100 ms mixing (30 hrs); c) 900 MHz with 200 ms mixing (27.5 hrs).  All spectra were 
processed identically as noted in Figure 2.3. 
(Figure 2.5). In the 900 MHz spectrum of DsbA, a total of 234 methyl peaks can be uniquely 
identified and integrated, compared with only 99 peaks in the 500 MHz spectrum. 
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To quantify the narrowing of all three proteins, comparisons of line widths for all resolved 
aliphatic resonances were made (limited by the number of sites resolved in the lower field 
spectra). Linewidths were determined in Sparky35 using Gaussian peak integration methods. Each 
protein was analyzed with the same protocol to compare line widths among data sets acquired at 
different magnetic fields. Peaks were chosen for analysis based on three prerequisite criteria: (1) 
signal-to-noise ratio greater than 10:1, (2) resolved in all three spectra, and (3) integrated with an 
experiment v. fit RMSD of 10% or less. The same set of peaks (resolution-limited by the lowest 
field data) was chosen for analysis among the three data sets acquired at 500, 750, and 900 MHz 
(1H frequencies). Multiplet structure (arising from 13C-13C scalar couplings) was generally not 
observed due to the apodization functions employed; therefore the total line width includes 
contributions from homogeneous relaxation, multiplet structure and the line broadening added. 
These factors together result in overall line shapes that 
 
Figure 2.6 Methyl region of 13C-13C 2D SSNMR spectra of DsbA 
Plot displaying the dependence of magnetic field strength on line widths for the (a) methyl, (b) methine 
and (c) methyene regions of 13C-13C 2Ds acquired on nanocrystalline DsbA and GB1. Error bars are 
drawn at 1σ. 
are well approximated by a Gaussian fitting function (as evidenced by the RMSD fit values 
of 10% or better in all cases, and typically better than 2%). 
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The line widths are reported as the fitted line width minus the line broadening used. Plotting 
the line widths as a function of B0 field (Figure 2.6), we find a nearly linear improvement in 
resolution, arising from the approximately constant absolute line widths.  
 
Figure 2.7 Ile expansion of 13C-13C 2D SSNMR spectra of DsbA 
Expansion of the Ile Cγ1-Cδ1 region of the 13C-13C 2D at a) 500 MHz with 50 ms mixing (9.6 hrs); b) 750 
MHz with 100 ms mixing (30 hrs); c) 900 MHz with 200 ms mixing (27.5 hrs). All spectra were 
processed identically. 
This result indicates that the absolute homogeneous contributions to the linewidth (such as 
finite 1H decoupling and residual 13C-13C dipolar couplings) are to first approximation invariant 
with magnetic field, and scalar couplings determine the absolute linewidth.  
In general all three spectral regions, including the methyl (CH3; Figure 2.6a), methine (CH; 
Figure 2.6b), and methylene (CH2; Figure 2.6c) signals, show similar behavior for the two 
proteins (GB1, DsbA) with enhanced benefit from increased magnetic field. In addition to the 
resolution enhancement, we observe signatures of chemical exchange solely at ultra-high 
magnetic fields. For example, in the methyl region of the 900 MHz DsbA spectrum, we observed 
two sets of chemical shifts for the side chain 13C resonances (Cβ, Cδ1, Cγ1, and Cγ2) of I102 and 
I113 (Figure 2.7c; Table 1). These intermediate-to-slow exchange events are more prominently 
observed at high field, where the chemical shift difference significantly exceeds the exchange 
 36 
rate; conversely, slowing the exchange by decreasing temperature did not provide sufficiently 
well resolved spectra to identify the multiple conformations of Ile residues. 
Site Chemical 
Shift (ppm) 
Error (ppm) Difference 
(ppm) 
Difference 
(Hz) 
Ile102 Cα 61.13 0.05 0.00 0 
Ile102 Cβ 37.03 / 37.19 0.10 / 0.04 0.16 36 
Ile102 Cδ1 14.88 / 15.31 0.14 / 0.04 0.43 97 
Ile102 Cγ1 27.23 / 26.98 0.03 / 0.05 0.25 57 
Ile102 Cγ2 17.28 / 16.94 0.08 / 0.07 0.34 77 
Ile113 Cα 63.49 0.01 0.00 0 
Ile113 Cβ 37.92 / 38.21 0.15 / 0.10 0.29 66 
Ile113 Cδ1 13.61 / 14.30 0.07 / 0.04 0.69 184 
Ile113 Cγ1 28.30 / 28.40 0.03 / 0.02 0.10 23 
Ile113 Cγ2 17.28 / 17.15 0.05 / 0.03 0.13 29 
Table 2.1 Chemical shifts of Ile residues in DsbA spectra 
Table of chemical shifts for Ile 102 and 113 observed in the 900 MHz (1H frequency) data acquired on U-
13C,15N labeled DsbA. Where indicated, two numbers represent the unique resonance frequencies 
observed at high field.  Spectra at 500 and 750 MHz are not sufficient to resolve the signals in this case. 
2.6 Conclusions 
In conclusion, our experimental results illustrate that systematic and substantial resolution 
benefits are observed at ultra-high magnetic field.  Here we evaluated these effects directly by 
comparison of practically identical samples at three magnetic fields, where most relevant 
hardware performance issues were highly similar.  The improved resolution at ultra-high field 
promises to accelerate interpretation of MAS SSNMR data on large, macroscopically disordered 
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proteins of broad interest, when used in combination with 3D experiments to establish 15N 
correlations along the peptide backbone. 
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CHAPTER 3  
Assignment strategies for large proteins by magic-angle spinning 
NMR: the 21-kDa disulfide bond forming enzyme DsbA 
3.1 Notes and Acknowledgements 
 This chapter is adapted with kind permission from Springer Science and Business Media: 
Journal of Molecular Biology, Assignment strategies for large proteins by magic-angle spinning 
NMR: the 21-kDa disulfide bond forming enzyme DsbA, volume 399, 2010, pages 268-282, 
authors: Lindsay J. Sperling, Deborah A. Berthold, Terry L. Sasser, Victoria Jeisy-Scott and 
Chad M. Rienstra. The authors thank the National Institute of Health for funding through 
NIGMS and Roadmap Initiative (GM075937) and the Molecular Biophysics Training Grant 
(PHS 5 T32 GM008276) to LJS. The authors also thank Drs. Ying Li, Trent Franks (School of 
Chemical Sciences NMR Facility at the University of Illinois at Urbana-Champaign), Heather 
Frericks-Schmidt, and Benjamin Wylie for assistance with data acquisition and helpful 
discussions, and Profs. Kenji Inaba (Kyushu University) and Koreaki Ito (Kyoto University) for 
their gift of expression plasmids for DsbA and DsbB. 
3.2 Abstract 
We present strategies for chemical shift assignments of large proteins by magic-angle 
spinning (MAS) solid-state NMR (SSNMR), using the 21-kDa disulfide bond forming enzyme 
DsbA as a prototype.  Previous studies have demonstrated that complete de novo assignments are 
possible for proteins up to ~17 kDa, and partial assignments have been performed for several 
larger proteins.  Here we show that combinations of isotopic labeling strategies, high field 
correlation spectroscopy and 3D and 4D backbone correlation experiments yield highly 
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confident assignments for more than 90% of the backbone resonances in DsbA.  Samples were 
prepared as nanocrystalline precipitates by a dialysis procedure, resulting in heterogeneous 
linewidths under 0.2 ppm.  Thus, high magnetic fields, selective decoupling pulse sequences, and 
sparse isotopic labeling all improved spectral resolution.  Assignments by amino acid type were 
facilitated by particular combinations of pulse sequences and isotopic labeling; for example, 
TEDOR experiments enhanced sensitivity for Pro and Gly residues, 2-13C-glycerol labeling 
clarified Val, Ile and Leu assignments, IPAP correlation spectra enabled interpretation of 
otherwise crowded Glx/Asx sidechain regions, and 3D NCACX experiments on 2-13C-glycerol 
samples provided unique sets of aromatic (Phe, Tyr, Trp) correlations.  Together with high 
sensitivity CANCOCA 4D and CANCOCX 3D experiments, unambiguous backbone walks 
could be performed throughout the majority of the sequence.  At 189 residues, DsbA represents 
the largest monomeric unit for which essentially complete solid-state NMR assignments have so 
far been achieved.  These results will facilitate studies of nanocrystalline DsbA structure and 
dynamics and enable analysis of its 41-kDa covalent complex with the membrane protein DsbB, 
for which we demonstrate a high-resolution 2D 13C-13C spectrum.    
3.3 Introduction 
DsbA, with its membrane-bound partner, DsbB, belong to the disulfide bond transfer 
pathway of Escherichia coli, and together serve as the sole source of de novo disulfide bonds in 
the periplasm.1-3 From genome analysis, DsbA is predicted to catalyze the folding of more than 
300 periplasmic proteins by donating a disulfide bond; over a dozen of these have been 
experimentally confirmed.4-7 DsbA is reoxidized by DsbB through the formation of a covalent 
complex that serves as a transient intermediate in the reaction pathway. Analogs of DsbA and 
DsbB are found widely among bacteria, and the target proteins of this pathway in pathogenic 
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bacteria include a variety of virulence factors.7-9 DsbA is required for folding and activity of 
these proteins, and therefore has been identified as a novel potential target for drug development.   
DsbA is a 21 kDa soluble protein with a thioredoxin fold that has an insertion of a second, 
helical cap domain.10 This domain is responsible for positioning the –CPHC— active site in a 
relatively hydrophobic patch that has been postulated to be particularly suitable for specific 
binding of DsbB. The weaker of unfolded polypeptides substrates may be accommodated by 
hydrogen-bonding to the amide backbone of the cis-proline loop adjacent to the active site,11 in a 
similar fashion as observed with substrate binding to thioredoxin.12 
Among members of the thioredoxin superfamily, the redox potential of DsbA (-120 mV) is 
one of the most oxidizing, and this stabilization of DsbA in its reduced state aids the transfer of 
disulfide bonds to its periplasmic substrates.13 Redox tuning of the DsbA and thioredoxin active-
site cysteines has been shown to be chiefly a function of three amino acid residues: the two 
between these cysteines (–CXXC—),14-16 and the one that precedes the highly conserved cis-
proline (V150 in E. coli DsbA).17 The conformational changes in the backbone of DsbA upon 
oxidation/reduction are minimal and confined to the vicinity of the active site; the hinge motion 
of the thioredoxin and cap domains relative to each other do not correlate with redox state.18,19 
Solution NMR has likewise indicated changes in chemical shift for residues in the vicinity of the 
active site, as expected for an altered chemical environment.19,20 
The high redox potential of DsbA makes its reoxidation by DsbB challenging, and the 
mechanistic details of how this is accomplished remains a topic of intense interest.3,21 To date, X-
ray crystal structures of DsbB include the DsbA C33S/DsbB C130S complex (3.7 Å)22,23, DsbA 
C33A/DsbB wt complex (3.7 Å),24 and DsbB C41S bound to a Fab fragment (3.4 Å).23 In 
addition, a high-resolution structure of DsbB C44S, C104S in dodecylphosphocholine micelles 
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has been determined by solution NMR.25 Comparison of free and DsbA-bound DsbB indicates 
that the binding of DsbA stabilizes portions of the periplasmic loops of DsbB, and induces a 
conformational change in DsbB. This change has been postulated to facilitate the transfer of the 
disulfide bond to DsbA and prevent the back-reaction. A highly-resolved structure of the 
DsbA/DsbB interface has not been achieved, because of either crystalline disorder or loop 
dynamics, resulting in low crystallographic resolution or, in some loop regions, an absence of 
electron density in the X-ray data.  Chemical shift perturbation mapping studies have been 
achieved by solution NMR,25 but as yet a high-resolution structure of the complex by solution 
NMR remains to be solved.  
In this context, MAS SSNMR offers the potential to bridge the gap between crystallography 
and solution NMR, providing site-specific insight into atomic-resolution changes in states that 
neither diffract to high resolution nor give sufficient quality solution NMR data sets. For 
example, SSNMR can examine intermediate states that may not be accessible to solution NMR 
due to the suboptimal timescales of motion at or above room temperature. In addition, samples 
prepared for SSNMR may mimic single crystal conditions, enabling the crystal structures to be 
refined in conjunction with chemical shift and other SSNMR data. Finally, comparison of spectra 
of the individual proteins to the complex will enable site-resolved chemical shift perturbation 
mapping to observe protein-protein interactions and rearrangements upon binding.25,26 Thus a 
combination of isotopic labeling strategies with SSNMR spectroscopy has the potential to yield a 
variety of structural, dynamic and mechanistic information on the DsbA/DsbB complex.  We 
have previously reported the preparation of DsbB samples for SSNMR study27 and utilized high-
field 3D and 4D experiments to assign many of the helical residues.28 Here we complement these 
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results with a detailed investigation of the periplasmic partner of DsbB, and report essentially 
complete 13C and 15N assignments of solid DsbA. 
At 21 kDa, DsbA is among the largest monomeric units so far studied at this level of detail 
by SSNMR. Proteins of similar size for which nearly complete (>90% of the backbone 
resonances) SSNMR assignments are available include matrix metalloproteinase (17.6 kDa)29,30 
and superoxide dismutase (16 kDa).31 A number of other proteins ranging from ~15 to 30 kDa 
have been examined and partially assigned.  For example, sensory rhodopsin II (27 kDa) was 
partially assigned using CC and NC 2Ds with dipolar and scalar transfer experiments with 
selectively labeled U[13C,15N\(V,L,F,Y]NpSRII samples.32  Roughly half (residues 64-163) of the 
αB-crystallin protein (20 kDa) was assigned using selectively labeled samples and 3D 
heteronuclear spectroscopy,33 and 3D and 4D methods were applied to proteorhodopsin (27 kDa) 
in combination with selective labeling to assign the ~43% of the residues.34 In our previous study 
of DsbB, we were able to assign approximately a third of all amino acids, including the majority 
of the transmembrane helices.28 Partial assignments also are available for much larger 
complexes, such as the light-harvesting complex 1 (160 kDa), which has been partially assigned 
(~15%) using NCOCA and NCACX 3D spectra and CC 2D spectra of selectively labeled 
samples.35 These successes of SSNMR build upon early studies, which focused primarily on 
proteins of less than 15 kDa,36-43 resulting in high-resolution structures for proteins in this size 
range.44-49 With the continued development of SSNMR methods, and analysis protocols designed 
specifically to addresses larger proteins,50 we anticipate that a similar degree of completeness and 
structural quality will be achieved for substantially larger proteins including DsbA, DsbB and the 
DsbA-DsbB complex. 
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Therefore the study here presents both responses to longstanding technical challenges and 
new opportunities for investigation into fundamental aspects of E. coli disulfide bond formation. 
3.4 Materials and Methods 
3.4.1 Sample Preparation 
Expression plasmids for wildtype DsbA, DsbAC33S, and His-tagged "wildtype" DsbB 
containing mutations of nonessential cysteines (C8A, C49V) were obtained from K. Inaba and K. 
Ito.71,72 For preparation of uniformly-labeled 13C, 15N DsbA, we used the following method, 
modified from Marley et al.73 Freshly transformed E. coli C43 (DE3)/pREP4 cells were grown to 
A600 of 0.8 in LB medium containing 60 µg/ml ampicillin, 25 µg/ml kanamycin and harvested in 
a sterile manner. The cells were then resuspended in 0.25 volume of uniform-labeling medium 
(50 mM Na2HPO4, 50 mM KH2PO4, 5 mM Na2SO4, 2 mM MgSO4, 10 µg/ml thiamine, 10 µg/ml 
biotin, 0.3% 15N-NH4Cl, 0.4% U-13C glucose, 10 ml/L 13C 15N BioExpress, and trace elements), 
with 60 µg/ml ampicillin. Trace elements consisted of 10 µM FeCl3, 4 µM CaCl2, 2 µM MnCl2, 2 
µM ZnSO4, and 0.4 µM each of CoCl2, CuCl2, NiCl2, Na2MoO4, Na2SeO3, and H3BO3.74 Flasks 
(2L), with a culture volume of 250 ml, were shaken at 250 rpm for 1 hr at 37 ˚C. At this point, 
expression was induced with 0.8 mM isopropyl-β-D-thiogalactopyranoside (IPTG), and growth 
continued under the same conditions for 16 hrs until harvest. DsbA was released from the cells 
using osmotic shock, and purified by QFF anion exchange chromatography (GE Healthcare, 
Piscataway, NJ) in 10 mM MOPS pH 7.75 The protein eluted at 30-50 mM NaCl. The yield of 
DsbA was over 100 mg protein/L of culture. 
For preparation of partially 13C-, uniformly 15N-labeled DsbA, the uniform-labeling medium 
was used with the omission of glucose and Bioexpress, and the addition of 0.2% 2-13C glycerol 
and 9 mM Na13CO3 (or 0.2% 1,3-13C glycerol and 9 mM Na12CO3).51 The medium was inoculated 
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directly with 2 ml/L of LB culture, grown to A600= 0.8, induced with IPTG, and harvested after 
5 hrs. Yield of DsbA was ~15 mg protein/L of culture. U-13C glucose, 2-13C-glycerol, 1,3-13C-
glycerol, 15N-NH4Cl, and U-13C 15N BioExpress were obtained from Cambridge Isotope 
Laboratories, Andover, MA.   
To prepare nanocrystalline precipitant for packing into an NMR rotor, one volume of DsbA 
at 45 mg protein/ml in 25 mM MOPS, pH 7.0 was mixed with one volume of crystallization 
buffer (30% PEG 8,000, 50 mM cacodylate pH 6.5, and 1.5% 2-methyl-2,4-pentanediol, 
modified from Martin et al.76 This solution was loaded into several 200 or 300 μl dialysis 
buttons, and covered with a 3,000 MWCO dialysis membrane. The buttons were immersed in 
~15 ml of undiluted crystallization buffer, which was gently stirred overnight at 4°C. This 
treatment produced a shower of nanocrystals, which were harvested by centrifugation and 
packed into a NMR rotor. 
To prepare U-13C 15N labeled DsbA in a covalent complex with natural abundance DsbB, 
DsbB was expressed in E. coli C43 (DE3) in Luria-Bertani medium containing 2 mM MgSO4 
and 90 μg/ml ampicillin.  Induction of expression, membrane isolation, protein solubilization and 
purification were performed as described previously for isotopically labeled DsbB.27,28  The 
concentration of DsbB was determined by titration with DsbA C33S, with complex formation 
monitored at 500 nm.72  The sample for SSNMR was then prepared with a substoichiometric 
amount of labeled DsbA C33S, so that all would be covalently bound.  The sample was 
concentrated, dialyzed for 2 days against 25 mM Tris, pH 8, and centrifuged for 1 h at 100,000 x 
g to remove large aggregates of contaminating protein and lipid.  The supernatant was then 
centrifuged for 20 h at 100,000 x g to pellet the dark red DsbA/DsbB complex, which was 
packed into a NMR rotor. 
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3.4.2 SSNMR Spectroscopy 
Experiments were performed on an 11.7 Tesla (500 MHz 1H frequency) Varian Infinity Plus 
spectrometer and a 17.6 Tesla (750 MHz 1H frequency) Varian Unity Inova spectrometer 
equipped with Varian BalunTM 1H-13C-15N 3.2-mm probes. Nanocrystals of oxidized DsbA were 
packed into 3.2-mm rotors with ~6-9 mg protein in standard wall rotors and ~18-20 mg in thin 
wall rotors. All data was acquired at 0±3 °C actual sample temperature (determined by ethylene 
glycol calibration).77 All experiments utilized tangent ramped cross polarization78 with TPPM79 
decoupling of the protons applied during acquisition and evolution periods on average at ~80 
kHz. For 3D 15N-13C-13C and 13C-15N-13C correlation experiments, band-selective SPECIFIC CP80 
was used for polarization transfer between 15N and 13C. The details of the 4D experiments closely 
followed Franks et al.,64 with the exception of the r-SNOB pulses, which followed the recipe of 
Li et al.66  Other experiments were performed according to published procedures as cited in the 
main text.  Hard π/2 pulse widths were typically 3.0 µs for 1H and 13C, and 4.5 ms for 15N. 
Spectra were processed with nmrPipe,81 employing zero filling and Lorentzian-to-Gaussian 
line broadening for each dimension before Fourier transformation. Back linear prediction and 
polynomial baseline correction were applied to the frequency domain in the direct dimension. 
Chemical shifts were referenced externally with adamantane (assuming the downfield peak to 
resonate at 40.48 ppm).82 Additional experimental details are listed in the figure captions. Peak 
picking and assignments were performed with Sparky.83 
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3.5 Results and Discussion 
3.5.1 Evaluation of Nanocrystalline DsbA Samples by SSNMR 
 
Figure 3.1 13C 1D SSNMR spectra of DsbA 
13C CP-MAS spectra (1,024 scans each, -10 °C, 12.500 kHz MAS, 750 MHz 1H frequency) of 
nanocrystalline, oxidized DsbA, isotopically labeled with (a) uniform-13C,15N (b) 1,3-13C-glycerol, and (c) 
2-13C-glycerol.  Spectra were zero filled by a factor of four and Fourier transformed without apodization. 
We prepared three types of DsbA samples for SSNMR studies (see Materials and Methods):  
(1) U-13C,15N-labeled DsbA (U-DsbA); (2) 2-13C-glycerol,15N DsbA (2-DsbA), and (3) 1,3-13C-
glycerol,15N DsbA (1,3-DsbA).  The U-DsbA samples were used initially to evaluate spectral 
resolution and sensitivity as a function of sample preparation protocol; principally the details of 
the preparation influence the quantity of protein that can be packed into the rotor, thereby 
influencing sensitivity (vide infra).   However, the one-dimensional (1D) 13C magic-angle 
spinning (CP-MAS) spectra (Figure 3.1) in all cases demonstrated the high resolution 
exemplified here. Outlying resonances—including carboxylates (Asp, Glu), aromatics (Tyr), Thr 
CA, and Ile CD1—are prominently observed even in the U-DsbA sample (Figure 3.1a), and 
resolution is greatly enhanced in the 1,3-DsbA (Figure 3.1b) and 2-DsbA (Figure 3.1c) samples. 
As previously demonstrated in a number of studies,44,48,51,52 the sparse 13C labeling with glycerol 
improves linewidths throughout the entire protein, with particular notable resolution 
enhancement among the aromatics, the Cα region (45 to 70 ppm) of the 2-DsbA spectrum and 
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the methyl region of the 1,3-DsbA spectrum.  Intensity patterns are qualitatively consistent with 
the previously reported labeling percentages.44,53 Notably, Tyr CZ sites (~155-160 ppm) are not 
labeled to any significant extent in the 2-DsbA sample, revealing instead the unique Arg guanido 
CZ signals in this region of the spectrum.  Conversely, the Asp and Glu sidechain carboxylate 
signals are very weak in the 1,3-DsbA but prominently observed in the 2-DsbA sample.  Patterns 
of aromatic signal intensity (from ~110 to ~140 ppm) are also substantially different between 
these two samples.  Overall the 13C 1D spectra demonstrate the potential for performing complete 
assignments. 
 
Figure 3.2 15N 1D SSNMR spectra of DsbA 
15N CP-MAS spectrum of U-13C,15N-DsbA (4096 scans, -10°C, 11.111 kHz MAS, 500 MHz 1H 
frequency). The spectrum was zero filled and Fourier transformed without apodization. 
Likewise, the 15N 1D spectrum (Figure 3.2) shows good chemical shift dispersion for the 
amide signals (~100-140 ppm), including several resolved signals in the downfield (~130-140 
ppm) and upfield (~100-108 ppm) regions.  Chemical shifts characteristic of His, Pro, Arg and 
Lys residue types are also prominent.  For example, the strongly downfield shifted signal at ~156 
ppm is presumably due to Pro amide site (and confirmed based on TEDOR spectra, vide infra), 
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and further downfield a set of three signals at ~170-175 ppm arises from His imidazole 15N sites. 
The characteristic Arg sidechain chemical shifts at ~85 and 70 ppm are observed for the NH and 
NH2 groups, respectively. Finally, the sidechain NH3+ groups of Lys residues range from ~30 to 
~34 ppm, with several individually resolved signals among the 17 expected. Overall the 
chemical shift dispersion of the 15N spectrum is more than adequate for performing backbone 
walk analysis with 3D data sets, and it is notable that such a variety of spectral signatures are 
evident even in simple 1D spectra. 
Beyond demonstrating that the resolution in the 1D spectra for both 13C and 15N was 
promising for assignment studies, we utilized the absolute signal intensity of 1D spectra to assess 
sensitivity.  We measured the signal intensity of the direct (Boltzmann) polarization (DP) with 
Bloch decay 13C spectra utilizing a very long pulse delay (~10 s). We then compared this 
intensity to that observed from standard compounds of known quantity, and determined that in 
each of the three samples shown here, the total quantity of nanocrystalline protein was ~18 mg, 
corresponding to almost one micromole, in a volume of ~30 µL (~80% of the coil length) in 
limited speed 3.2 mm rotors (Varian, Palo Alto, CA).  Cross polarization (CP) enhancements for 
the 13C spectra, relative to DP, were approximately two (slightly higher for protonated sites, 
slightly less for carbonyls).  Thus high quality 2D spectra could be obtained in a few hours and 
3D spectra in a few days or less, at 500 and 750 MHz 1H frequencies. 
3.5.2 Experimental Optimizations for Amino Acid Type Assignment  
Two-dimensional (2D) 13C-13C correlation spectra were acquired to assess the achievable 
resolution and numbers of resolved spin systems. The CC 2D spectrum acquired with short 
mixing (25 ms of homonuclear 13C-13C DARR54 mixing (Figure 3.3) allows for a few initial 
assignments of outlying resonances including Ala, Gly, Ile, Ser, Thr, and Val residues that yield 
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unique and well-resolved chemical shift patterns. Within these specific amino acid types, the 
expected distribution of 13C chemical shifts due to secondary structure is observed.55-57 For 
example, in the Ala CB-CA region of the CC 2D spectrum most of the signals resonate near (18, 
55) ppm, but there are also four outlier peaks with CA shifts of 52 and 50 ppm and CB shifts of 
25.5, 19 and 17.5 ppm. These intensities correlate well with previously published structures10,18,19 
where, of the 17 total Ala residues in DsbA, three reside in turns and one in a β-sheet (the 
outliers), and the other 12 reside in α-helices. However, even with the assignments by amino 
acid type, and a handful of site-specific assignments of outlier peaks, the majority of the 
sequence still remained unassigned after initial analysis. In order to complete site-specific 
assignments for a protein of this size, additional resolution via 3D experiments and/or sparse 
isotopic labeling are essential. 
 
Figure 3.3 13C-13C 2D SSNMR spectra of DsbA 
U-13C,15N-DsbA 2D 13C-13C correlation spectrum, 25 ms DARR mixing.  The spectrum was acquired for 
30 hrs (-10°C, 12.500 kHz MAS, 750 MHz), zero filled and apodized with Lorentzian-to-Gaussian 
functions, resulting in net broadening of  15 Hz and 35 Hz in the direct (F2) and indirect (F1) dimensions, 
respectively. 
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Figure 3.4 Expansion of 13C-13C 2D SSNMR spectrum of 2-13C-glycerol labeled DsbA 
Selected regions of the 2D 13C-13C spectrum of 2-DsbA, illustrating the (a) Val and Ile CA-CB and (b) 
Leu CB-CG and Ile CB-CG1 signals (50 ms DARR mixing, 5 hrs, -10°C, 12.5 kHz MAS, 750 MHz). The 
spectrum was zero filled and apodized with Lorentzian-to-Gaussian apodization with net broadening of 
20 Hz and 25 Hz in the direct (F2) and indirect (F1) dimensions respectively. 
First we examine the use of sparse labeling.  Preparing samples with 2-13C-glycerol as the 
sole 13C source substantially enhances resolution for CA-CB correlations of Val residues, and 
CB-CG of Leu.  Although the methyl regions for Val are generally well resolved even in the U-
DsbA sample, overlap within the common frequency range of Val CA and Thr CA/CB leads to 
ambiguity regarding the amino acid type identification.  We addressed this by collecting 
complementary data sets with the 2-DsbA sample, in which the Val CA-CB correlations are 
observed with very high sensitivity at moderate (~50 ms) mixing times (Figure 3.4).  This 
enabled confident identification of the Val CA chemical shifts, which in turn were used to 
identify Val CA-CG1/2 correlations in the U-DsbA 2D 13C-13C data set.  We found also that Ile 
CA-CB signals appeared with significant intensity, because the Ile CB is labeled to nearly 100% 
and the CA site is ~50% labeled.  However, no other amino acid CA-CB correlations are 
observed in the range F1=55-70 ppm, F2=30-40 ppm, and so we were able to identify the 
majority of Val and Ile CA-CB correlations with high reliability.  In the same spectrum, the 
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region F1=36-46 ppm, F2=22-32 ppm contains exclusively Leu CB-CG and Ile CB-CG1 
correlations, which can be distinguished from one another based on the characteristic CB shifts 
of these two amino acid types.  Thus, the 2D 13C-13C spectrum of the 2-DsbA sample at moderate 
mixing times gives unambiguous identification of Val, Ile and Leu residues, and portions of the 
Pro spin systems.  
Further confirmation of Pro signal patterns was achieved using TEDOR pulse sequences58,59 
in combination with the 2-DsbA and 1,3-DsbA samples. Although in general we find that 15N-13C 
correlations are weaker with TEDOR than SPECIFIC CP, Pro residues are an exception; i.e., the 
TEDOR spectra (Figure 3.5) yield stronger 15N-13C cross peaks for Pro because the initial CP 
step is from directly bonded protons to 13C, rather than a longer range 1H to 15N transfer. 
Likewise, TEDOR experiments can be beneficial in the context of intermediate timescale  
 
Figure 3.5 15N-13C 2D TEDOR spectra of 2-13C-glycerol labeled DsbA 
2D ZF-TEDOR spectrum of 2-DsbA with (a) 1.44 ms of mixing (4.5 hrs measurement time) and (b) 5.76 
ms mixing (7 hrs measurement time) acquired at -10°C with 11.111 kHz MAS rate at 500 MHz 1H 
frequency.  TEDOR spectra yield strong Gly and Pro intraresidue correlations at short mixing time and 
interresidue N-CA correlations at ~6 ms mixing time. 
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molecular motion, where rotating frame relaxation times are shortened; empirically, we observe 
that some Gly 15N-13C correlations are stronger in the TEDOR spectra than with SPECIFIC CP, 
particularly when short (~1.4 ms) TEDOR mixing times are utilized (Figure 3.5a).  Gly residues 
often occur in turns and loops where dynamics on the microsecond to millisecond timescale are 
anticipated, and preliminary 1H-15N and 1H-13C order parameter measurements (data not shown) 
are consistent with this trend. In addition, 2D TEDOR spectra were acquired on both samples at 
longer mixing time (5.76 ms, Figure 3.5b) to identify sequential correlations involving Pro and 
Gly residues.  At 1.44 ms mixing time, the spectrum contains primarily directly bonded 15N[i]-
13C[i-1] and 15N[i]-13CA[i] pairs, which have maximum intensity at this mixing time. In addition, 
at 5.76 ms mixing, two-bond correlations (15N[i]-13C[i], 15N[i]-13CB[i], and 15N[i]-13CA[i-1]) are 
observed with similar intensity (Figure 3.5b).  These correlations enable partial sequential 
assignments of the Pro and Gly residues in particular, which tend to have well dispersed 15N 
chemical shifts but relatively weak signals in the 3D spectra discussed below. Pairwise 
assignments of all Pro (7 total) and Gly residues (13 total) were made with TEDOR spectra 
acquired on the 2-DsbA sample, to complement the amino acid type identifications of Val, Ile, 
Leu from the CC 2D on 2-DsbA and Ala, Ile, Ser and Thr from U-DsbA.  
A remaining challenge is to resolve the sidechain resonances of Asx and Glx residues, 
requiring the observation of one-bond correlations with minimal interference from two- or three-
bond correlations from a variety of other amino acid types with CB or CG resonances in the 
same chemical shift range.  In this context, the resolution and sensitivity of 2D homonuclear 
correlation spectra was greatly increased by the CTUC-COSY experiment,60,61 which utilizes 
scalar polarization transfers with selective decoupling, constant time evolution and fast MAS, in 
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order to improve resolution and reduce the number of observed peaks compared to dipolar 
experiments for U-DsbA (Figure 3.6). 
 
Figure 3.6 Carbonyl region of 13C-13C 2D spectra of DsbA acquired with through space and through 
bond mixing schemes 
Comparison of DARR and IPAP CTUC COSY experiments for carbonyl region correlations.  (a) 2D 13C-
13C spectrum with 25 ms DARR mixing (750 MHz, 12.5 kHz MAS) and (b) CA-CO optimized CTUC 
COSY IPAP spectrum (500 MHz, 22.222 kHz MAS, 125 kHz TPPM decoupling). 
Moreover, this transfer pathway is unaffected by motion within the protein, allowing for 
previously weak signals to be observed due to the increased sensitivity (by 2 or 3 times 
compared with dipolar experiments). Since the evolution periods are constant-time, the chemical 
shift evolution and scalar coherence transfer occur during the same time interval, so relaxation is 
minimized and scalar decoupling can be achieved of the passive spins.  This results in overall 
better resolution and sensitivity than the analogous DARR experiment. Thus, the CTUC-COSY 
IPAP spectrum yielded ~189 peaks in the CACO region, of which ~155 (out of 189 expected) 
are Cα-C’ correlations and ~34 (out of 45 expected) are side-chain carbonyls of Asn, Asp, Gln, 
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and Glu residues. These amino acids, containing carbonyl side chain signals, are especially 
difficult to assign using non-selective dipolar mixing methods. Yet the CTUC-COSY still 
resolved 80% of the CG resonances of the glutamic acid and glutamine residues and 70% of the 
CD resonances of the aspartic acid and asparagines residues, in contrast to the dipolar spectra in 
which only a few were resolved.  
 
Figure 3.7 Aromatic region of strips from the 15N-13CA-13CX 3D SSNMR spectrum of 2-13C-glycerol 
DsbA 
CA-CX planes from an NCACX 3D spectrum with 225 ms DARR mixing acquired on 2-DsbA for 128 
hrs on a 500 MHz (1H frequency) Infinity Plus spectrometer at -10°C with 11.111 kHz MAS rate. The 
spectrum was processed with 75, 75, and 60 Hz Lorenzian-to-Gaussian apodization in F3, F2, and F1 
respectively. 
Another challenge of identifying amino acid types in DsbA is the degeneracy inherent to the 
aromatic regions. To address this, we used a combination of selective labeling to increase 
sensitivity and resolution in this region, along with experiments utilizing long mixing times to 
ensure polarization transfer throughout the aromatic ring. Some aromatic residues could be 
identified solely from CC 2Ds with medium to long mixing DARR times. However, this region 
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is sometimes compromised by overlapping carbonyl and/or (weak) aliphatic sidebands, as well 
as relatively poor 1H-13C CP efficiency for the aromatics, so the additional sensitivity from the 
glycerol samples proved especially valuable. Among the experiments performed, we found that 
the NCACX 3D on the 2-DsbA (with 225 ms mixing, Figure 3.7) and NCOCX 3D 1,3-DsbA 
(with 250 ms mixing) were most effective in making unique identifications of aromatic amino 
acid spin systems. The same data sets allowed us to identify sequential CA[i]-CA[i±1] 
correlations, which in some cases provided unique pairwise assignments based on the unique sets 
of CA chemical shifts and knowledge of amino acid types. Using these 2D and 3D data (vide 
infra), we assigned 10 of 11 Phe, 1 of 3 His, 7 of 9 Tyr, and both Trp residues site-specifically. 
3.5.3 Sequential Assignment 
 
Figure 3.8 Expansion of 13C-13C 2D SSNMR spectrum of 2-13C-glycerol labeled DsbA 
CA-CA region of the 2D 13C-13C 2-DsbA spectrum with 250 ms DARR mixing acquired for 12 hrs at -
10°C (12.5 kHz MAS rate, 750 MHz). The spectrum was zero filled to 16384 and 8192 and processed 
with 45 Hz and 45 Hz of Lorentzian-to-Gaussian apodization in the direct and indirect dimensions 
respectively. 
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In addition to the aromatic assignments, a good fraction of sequential assignments in general 
could be performed directly from CC 2D spectra with long (~200-300 ms) DARR mixing times 
on the 2-DsbA and 1,3-DsbA samples. For example, the CA-region of the CC spectrum acquired 
on 2-DsbA with 250 ms DARR mixing (Figure 3.8) yields strong cross-peaks for neighboring 
CA sites, especially in cases where both amino acids are labeled at a high percentage, such as the 
Gly-Ala, Gly-Val, and Phe-Val pairs. However, there were a significant number of interresidue 
correlations that we expected to observe, but did not; e.g., Gly-Lys pairs are expected, since the 
Gly CA is 100% labeled, and the Lys CA should be approximately ~50% labeled. This could 
reflect variations from the anticipated labeling percentage within the Lys residues, dynamics of 
the sidechain, or the relatively large chemical shift difference between Gly and Lys, which would 
reduce the overlap of the zero quantum lineshapes and thereby reduce DARR transfer 
efficiency.54,62 In some cases, resolution and chemical shift patterns were sufficiently distinct that 
unique assignments could be made from the CC 2D spectrum alone. However, to confidently 
site-specifically identify backbone correlations required 3D data sets to complete a formal 
backbone walk.  
We performed NCACX, NCOCX, and CAN(CO)CX 3D experiments to establish sequential 
correlations through the common amide 15N and CA 13C resonances (the latter only in the case of 
the CAN(CO)CX). The NCACX and NCOCX spectra were acquired with 25 and 35 ms of 
DARR mixing respectively, requiring approximately 50 hrs signal averaging time to observe the 
majority of sidechain 13C signals (spectra were processed in 12.5 hr blocks for evaluation). The 
CAN(CO)CX 3D experiment with 45 ms DARR mixing required significantly longer 
measurement time (~120 hrs) due to the ~50% signal intensity loss of the additional (CA to N) 
 59 
polarization transfer event. Using these three experiments, site-specific de novo assignments 
were performed as a backbone walk (Figure 3.9) as utilized in previous studies.28,31,33-35,37,38,40-43,63 
 
Figure 3.9 Strip plot of NCC and CNC 3D spectra of uniformly-labeled DsbA 
Strip plot of NCACX in blue (20 hrs, 25 ms mixing), NCOCX in red (14 hrs, 35 ms mixing), and 
CAN(CO)CX in orange (120 hrs, 45 ms mixing) acquired at -10°C with 11.111 kHz MAS rate on an 
Infinity Plus 500 MHz (1H frequency) spectrometer on U-DsbA. 
Approximately 70% of the backbone was assigned uniquely from these data sets.  However, 
some sites in the protein have severely weakened signal intensities (presumably due to 
dynamics), complicating completion of the assignment of aromatic and Lys residues, of which 
DsbA has a large number (31 aromatic and 17 Lys).  Moreover, these amino acid types display 
weaker sidechain crosspeak intensities than residues with fewer sidechain 13C sites.  Identifying 
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these residues unambiguously in sequential backbone walks therefore required a similar set of 
3D experiments with the 2-DsbA and 1,3-DsbA samples; with these experiments, the majority of 
the remaining sets of correlations could be identified. The CAN(CO)CX 3D experiment and the 
related CANCOCA 4D proved highly valuable for addressing the large number of residues with 
15N frequencies of ~120-121 ppm. Even in the well digitized 3D experiments, there is still 
significant overlap in the CX dimension for both the CA region, from ~55-60 ppm, and the 
methyl region, from ~15-25 ppm, in these spectra. As shown in the A77 and V78 CA regions of 
these strips, near the congested 15N frequencies, the CA signals are not resolved from other CA 
signals in the same plane, complicating a precise assignment of chemical shift values to both the 
15N and the 13CA signals for these residues. 
 
Figure 3.10 CANCOCA four dimensional spectrum of DsbA 
Strip plot of CANCOCA 4D (where R2T was employed for the CO-CA transfer) acquired for 115 hrs at -
10°C with 9.090 kHz MAS rate on an Infinity Plus 500 MHz (1H frequency) spectrometer on U-DsbA. 
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To address this severe overlap in the central region of the N-CA plane, we performed a 4D 
CANCOCA64 experiment with the U-DsbA sample.  The uniform labeling is critical to this 
experiment, since the likelihood of all three 13C sites being labeled in either glycerol sample 
would be <10%.  Initially we performed the 4D experiment with broadband mixing prior to the 
13C detection, but concluded after ~100 hrs that this approach would not yield sufficient 
sensitivity in a feasible timeframe; so instead, we utilized rotational resonance tickling65 for the 
final CO-CA transfer. This pulse sequence element resulted in nearly 50% efficiency of CO-CA 
transfer, compared to approximately 10-20% efficiency when using DARR mixing at moderate 
(~10 to 25 ms) mixing times, thereby at least doubling the sensitivity per unit time, and in some 
cases (such as aromatics, Lys, and other large residues) we found even greater benefit. The 
reduction in signal transfer to sidechain 13C sites not only provided additional sensitivity, but 
simplified interpretation by eliminating the majority of CB resonances (with some exceptions 
such as Thr, which were already assigned) and correlations of the type CA[i]-N[i]-CO[i-1]-
CA[i], which led to additional overlap among those sites observed in the broadband experiment.  
In addition to the R2T step, we utilized selective scalar decoupling in the indirect CA and CO 
evolution dimensions, using appropriately synchronized r-SNOB pulses.66 Essentially every peak 
in the optimized CANCOCA 4D experiment was individually resolved, as illustrated by the 4D 
backbone walk from residue 76 to 84 in DsbA (Figure 3.10). This is the same stretch as shown 
above in the 3D backbone walk (Figure 3.9), and represents one of the most challenging 
stretches of the entire backbone to assign unambiguously.  This helical region contains four CA 
chemical shifts over a 0.5 ppm range (54.4 to 54.9 ppm) and two amide 15N signals that are with 
0.2 ppm. However, the overlapping amide frequencies arise from residues with large differences 
in CA chemical shifts (A77 at 54.9 ppm and and V78 at 67.5 ppm), and the overlapping CA 
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shifts of A81 and L82 (at 54.4-54.5 ppm) are nicely separated by their amide frequencies of 
123.6 ppm and 113.1 ppm, respectively.  Similar site-specific chemical shift assignment 
confirmation is achieved for many of the residues in DsbA that were, from other data sets 
described above, not possible to assign unambiguously.  The 4D experiment also enabled unique 
identification of otherwise ambiguous strips in the 3D CAN(CO)CX experiment (Figure 3.9, in 
red), where the full 13C side chain information is present. For example, this enabled the certain 
determination of methyl shifts for V78. Thus, the combination of the highly sensitive 4D 
experiment with the crosspeak-rich CAN(CO)CX 3D experiment permitted assignment of 
congested planes from the 3D experiments, allowing extensions of the backbone walks through 
the protein with minimal disruptions.  
Although the majority of assignments were completed with the U-DsbA sample using 3D 
and 4D backbone walk strategies, additional assignments were confirmed with the higher 
sensitivity of samples prepared from 1,3-13C- and 2-13C-glycerol. We performed 3D NCOCX and 
NCACX spectra with mixing times sufficient to observe most interresidue correlations (~200-
250 ms) (Figure 3.11). As with the CC 2D spectrum acquired on 2-DsbA with long mixing, not 
only can we assign resonances with the knowledge of backbone walk strategies for assigning 
neighboring sites, but the known patterns of labeling can also be used to assign new chemical 
shifts. The NCC spectra provide information also on medium-range correlations, observed at a 
single 15N frequency in the NCOCX and NCACX spectra. These selectively labeled samples 
enable observation of longer distances due to the increased resolution and sensitivity.50 New 
backbone assignments were identified and many side chain resonances confirmed in this manner. 
For example, at the F112 15N frequency (120.3 ppm), complementary correlations are observed 
in the two NCC spectra. The NCOCX (Figure 3.11, red) contains correlations from the F112N-  
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Figure 3.11 NCC 3D spectra of glycerol labeled DsbA samples 
Strip plot of the F112 15N frequency in a NCOCX (red, 250 ms, 112 hrs) 3D spectrum acquired on 1,3-
DsbA and a NCACX 3D (blue, 225ms, 128 hrs) spectrum acquired on 2-DsbA on a 500 MHz (1H 
frequency) Infinity Plus spectrometer at -10°C with 11.111 kHz MAS rate. The NCOCX and NCACX 
spectra were processed with 25, 25, and 15, and 40, 50, and 20 Hz Lorenzian-to-Gaussian apodization in 
F3, F2, and F1 respectively. 
V111C (F1-F2) to the V111 side chain resonances, as well as to its neighbors, F112CB and 
D110CA and CB. The carbonyl region in this spectrum reveals medium-range correlations (from 
V111C to N114C and CG). The NCACX (Figure 3.11, blue) provides the alternate labeling, 
revealing correlations that arise from F112N-F112CA followed by mixing not only to the F112 
sidechain, but also to the V111CB. Differences in peak intensity among cross peaks arise due to 
the known labeling patterns, e.g., the V111CB is fully labeled and the F112CB is only partially 
labeled in the 2-DsbA sample. The labeling pattern also accounts for why no carbonyl or Val 
methyl resonances are observed in this NCACX plane, since the likelihood of carbonyl and 
methyl labeling is rare in the 2-DsbA sample. 
3.5.4 Comparison with Solution NMR Chemical Shifts 
Concurrently with the solid-state NMR assignments, we confirmed solution NMR backbone 
assignments, utilizing the previously published results20 in combination with HNCACB, HNCO, 
HN(CO)CACB, and an HSQC spectra acquired (at 750 MHz) on an exact replica sample of 
oxidized DsbA that we used for SSNMR studies. We found these experiments to be necessary in 
order to determine the extent to which sample-to-sample variations might impact the chemical 
shifts. The solution assignments generally agree very well with the backbone (15N, 13CA, 13CB, 
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and 13C’) solid-state NMR chemical shift assignments (Figure 3.12). Regression analysis of the 
entire set of chemical shifts of each type yields R2 values ranging from 0.938 to 0.999, with the 
best agreement for CA and CB shifts, which are sensitive primarily to conformation, and slightly 
poorer agreement for N and C’, which depend more strongly upon hydrogen bonding and 
electrostatics.  Similar trends have been observed in previous SSNMR studies, including our 
extensive investigations of GB1.42,67-70 Specifically, we have shown for GB1 that the solid-state 
chemical shifts are extremely sensitive to changes in environment of the preparation, including 
crystal contacts, nearby solvent molecules and protonation states (which may differ in the solid 
versus solution).42,69 Based on these investigations of a very well characterized protein, we would 
expect in general that some statistically significant variations between the solution and solid-state 
chemical shifts are likely to be present.  Therefore it is not surprising that we observe outliers in 
 
Figure 3.12 Solution versus Solid Chemical Shifts of wild type oxidized DsbA 
(a) 13CA, (b) 15N, (c) 13CB, and (d) 13C’ solid-state versus solution state chemical shift assignments of wild 
type oxidized DsbA.  Labeled residues are for those that differ by greater than 1.5 ppm. 
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DsbA; in the majority of cases, the outlying residues are in common with those residues 
(such as E38, G65 and M64) that have been previously reported to show different chemical shifts 
between the oxidized and reduced forms of DsbA using solution NMR.20 In addition, we expect 
that residues A1, Q2, Y3, G66 and V90 vary due to their proximity to crystal contacts. For 
example, G66 CA is 5 Å from the Y184 CA on the neighboring molecule, in the case of the 
crystallographic symmetry of PDB entry 1DSB. Additionally, intermolecular contacts can be 
observed between V90 CA and A1 CA (5.3 Å), as well as more distant crystal contacts between 
V90 and Q2 (6.7 Å).  Overall the agreement between the solid-state NMR chemical shifts of 
DsbA, which we determined entirely de novo, and the solution chemical shifts shows the promise 
of combining solution and solid data sets, for example, to refine the resolution of crystal 
structures determined at moderate resolution.  
The availability of complete 13C and 15N chemical shifts for DsbA in the nanocrystalline state 
will facilitate SSNMR dynamics studies and chemical shift perturbation mapping of the DsbA in 
complex with its membrane bound partner DsbB, for which both solution25 and solid27,28 
assignments are available. Mutation of the active site residue C33 in DsbA allows the formation 
of a covalent disulfide-bonded complex with wild type DsbB, which is believed to be 
representative of the structure of a transient intermediate in oxidation of DsbA by DsbB. Initial 
studies completed on the precipitated U,-13C, 15N-DsbA C33S-n.a.DsbB complex have shown 
that the majority of backbone signals for DsbA do not shift from the crystalline form of oxidized 
DsbA to the complex containing the DsbA C31-DsbB C104 disulfide bond (Figure 3.13). 
Therefore most of the chemical shift assignments can be tentatively inferred from the chemical 
shifts of DsbA on its own. However, there are approximately 5% of chemical shifts that are  
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Figure 3.13 13C-13C 2D SSNMR spectrum of U-13C,15N-DsbA/(n.a.)DsbB 
2D 13C-13C spectrum of U-13C,15N-DsbA/(n.a.)DsbB, acquired with 25 ms DARR mixing for 126 hrs at -
20°C (12.5 kHz MAS rate, 750 MHz). The spectrum was zero filled to 16384 and 8192 and processed 
with 20 Hz and 20 Hz of Lorentzian-to-Gaussian apodization in the direct and indirect dimensions 
respectively. 
observed in the spectra of the U-13C,15N-DsbA*-[n.a.]DsbB complex that have shifted greater 
than 0.5 ppm or appear to be new peaks altogether. Based upon the inferred assignments, it 
appears that most of the chemical shift changes are residues located in the interface of DsbA and 
DsbB or residues that experience changes in crystal contacts from one preparation to the other. 
Although the complete assignment of DsbA in the complex is beyond the scope of the current 
study, this initial 2D 13C-13C spectrum illustrates the potential of SSNMR-based structure 
determination methods to tackle large membrane protein complexes, where high-resolution data 
can be acquired despite the lack of single crystal preparations.   
3.6 Conclusions 
In summary, we used a wide array of techniques to obtain full chemical shift assignments of 
the 21 kDa enzyme DsbA and find excellent agreement with solution NMR values. We expect 
that these strategies for solid-state chemical shift assignment can be applied to other large 
proteins, especially those embedded in membranes, for which SSNMR is uniquely positioned to 
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provide data to bridge gaps between crystallography and solution NMR. The methods discussed 
here for enhancing sensitivity while retaining high resolution will be key to assigning chemical 
shifts in large proteins by SSNMR.   
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CHAPTER 4  
Solid-state NMR Reveals Atomic-resolution Structural Insights Into 
a 41 kDa Membrane Protein Complex DsbA/DsbB 
4.1 Notes and Acknowledgements 
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4.2 Abstract 
Here we present a study of a 41 kDa E. coli membrane protein complex DsbA/DsbB 
precipitated in the presence of native lipids. We utilized solid-state NMR (SSNMR), which is 
uniquely suited to study membrane proteins, to investigate conformational and dynamics changes 
that occur upon transient complex formation within the disulfide bond generation pathway of E 
coli. Monitoring chemical shift changes in the periplasmic enzyme DsbA alone versus when 
DsbA is in a covalent complex with its membrane protein partner DsbB reports on structural 
and/or dynamic information. We report a 4.9 ppm 15N chemical shift changes observed for Pro 
31 in the active site between the wild type oxidized and C33S mutant of DsbA. Additionally, the 
Pro 31 residue remains elusive in the DsbA/DsbB complex, showing that the dynamics change 
drastically in the active site between the three states of DsbA. Even within one DsbA sample, 15N 
one-dimensional spectra showed two conformations of the Pro 31 residue. Partial 13C and 15N de 
novo chemical shift assignments were completed throughout DsbA in the DsbA/DsbB complex 
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using three-dimensional SSNMR spectra. These chemical shifts were compared with the shifts 
from DsbA alone to obtain a site-specific chemical shift perturbation map. These changes 
demonstrate that there are further structural and dynamics changes that cannot be accounted for 
by the information available in the crystal structures of DsbA and the DsbA/DsbB complex 
alone. This study validates the importance of these site-specific measurements, and provides the 
framework for further structural and mechanistic studies on the DsbA/DsbB complex. 
4.3 Introduction 
DsbA is predicted to interact with hundreds of proteins in the periplasm of Escherichia coli 
to form de novo disulfide bonds through donation of a disulfide bond from its active site.1-3 The 
DsbA (21 kDa) enzyme then forms a disulfide bond to its membrane bound partner DsbB (20 
kDa) to form a transient membrane protein complex in order to reoxidize DsbA.4,5 This 
reoxidization occurs through a series of disulfide bond rearrangements in DsbB; however the 
exact mechanistic details of how this happens have yet to be fully elucidated.6,7 There are now 
several X-ray crystal structures of this complex including the DsbA(C33S)/DsbB(C130S) 
complex (3.7 Å)8,9 and DsbA(C33A)/DsbB wt complex (3.7 Å).10 Comparison of DsbA and 
DsbB to the DsbA/DsbB complex indicates that the binding of DsbA stabilizes portions of the 
DsbB periplasmic loops, and induces conformational changes. NH chemical shifts of DsbB in 
DPC micelles were monitored by solution NMR while natural abundance DsbA was titrated into 
the sample.11 These results helped to form hypotheses for how DsbB interacts with DsbA and 
locate potential interaction sites in the protein interface. These changes have been postulated to 
facilitate the transfer of the disulfide bond to DsbA and prevent back-reaction.11 However, no 
atomic-resolution structure of the DsbA/DsbB interface yet exists, due to low crystallographic 
resolution and an absence of electron density in the X-ray data.  
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Solid-state NMR (SSNMR) is uniquely suited to investigate atomic-resolution details in 
membrane proteins in their native lipid environments. Since SSNMR does not require to use of 
single crystals, as X-ray crystallography does, or possess an inherent size limitation, as solution 
NMR does, this technique has the potential to become an extraordinarily powerful tool for 
structural biology studies of membrane proteins and membrane protein complexes.12,13 Chemical 
shift perturbation tracking is a powerful technique to use when monitoring site-specific changes 
upon ligand or substrate binding and protein-protein interactions.  
In this study we present a site-specific investigation of the structural and dynamics changes 
that occur in DsbA upon complex formation with DsbB. Here we trap the DsbA/DsbB complex 
as a charge-transfer complex of the DsbA C33S mutant reacting with wild type DsbB, to prevent 
back reaction of reoxidation of DsbA. We employ multidimensional SSNMR experiments to 
gain unambiguous chemical shift assignments of backbone and side chain atoms, which report on 
site-specific information for both states of the protein: the periplasmic state and the DsbB-bound 
complex state. Chemical shifts are assigned for these states of DsbA: (1) the C33S mutant of 
DsbA prepared as nanocrystals and (2) the C33S mutant of DsbA covalently linked to DsbB and 
precipitated with native lipids. Thus, we are able to pinpoint conformational and dynamic 
changes observed in DsbA between two intermediate steps in the disulfide bond-forming transfer 
pathway. 
4.4 Materials and Methods 
4.4.1 Sample Preparation 
Expression plasmids for DsbA C33S, and His-tagged "wildtype" DsbB containing mutations 
of nonessential cysteines (C8A, C49V) were obtained from K. Inaba and K. Ito.14,15 For 
preparation of uniformly-labeled 13C, 15N DsbA C33S, we used the following method, modified 
 78 
from Marley et al.16 Freshly transformed E. coli C43 (DE3)/pREP4 cells were grown to A600 of 
0.8 in LB medium containing 60 µg/ml ampicillin, 25 µg/ml kanamycin and harvested in a sterile 
manner. The cells were then resuspended in 0.25 volume of uniform-labeling medium (50 mM 
Na2HPO4, 50 mM KH2PO4, 5 mM Na2SO4, 2 mM MgSO4, 10 µg/ml thiamine, 10 µg/ml biotin, 
0.3% 15N-NH4Cl, 0.4% U-13C glucose, 10 ml/L 13C 15N BioExpress, and trace elements), with 60 
µg/ml ampicillin. Trace elements consisted of 10 µM FeCl3, 4 µM CaCl2, 2 µM MnCl2, 2 µM 
ZnSO4, and 0.4 µM each of CoCl2, CuCl2, NiCl2, Na2MoO4, Na2SeO3, and H3BO3.17 Flasks (2L), 
with a culture volume of 250 ml, were shaken at 250 rpm for 1 hr at 37 ˚C. At this point, 
expression was induced with 0.8 mM isopropyl-β-D-thiogalactopyranoside (IPTG), and growth 
continued under the same conditions for 16 hrs until harvest. DsbA was released from the cells 
using osmotic shock, and purified by QFF anion exchange chromatography (GE Healthcare, 
Piscataway, NJ) in 10 mM MOPS pH 7.18 The protein eluted at 30-50 mM NaCl. The yield of 
DsbA was over 100 mg protein/L of culture. U-13C glucose, 15N-NH4Cl, and U-13C 15N 
BioExpress were obtained from Cambridge Isotope Laboratories, Andover, MA.   
To prepare nanocrystalline precipitant for packing into an NMR rotor, one volume of DsbA 
at 45 mg protein/ml in 25 mM MOPS, pH 7.0 was mixed with one volume of crystallization 
buffer (30% PEG 8,000, 50 mM cacodylate pH 6.5, and 1.5% 2-methyl-2,4-pentanediol, 
modified from Martin et al.19 This solution was loaded into several 200 or 300 μl dialysis 
buttons, and covered with a 3,000 MWCO dialysis membrane. The buttons were immersed in 
~15 ml of undiluted crystallization buffer, which was gently stirred overnight at 4°C. This 
treatment produced a shower of nanocrystals, which were harvested by centrifugation and 
packed into a NMR rotor. 
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To prepare U-13C 15N labeled DsbA in a covalent complex with natural abundance DsbB, 
DsbB was expressed in E. coli C43 (DE3) in Luria-Bertani medium containing 2 mM MgSO4 
and 90 μg/ml ampicillin.  Induction of expression, membrane isolation, protein solubilization and 
purification were performed as described previously for isotopically labeled DsbB.20,21 The 
concentration of DsbB was determined by titration with DsbA C33S, with complex formation 
monitored at 500 nm.15 The sample for SSNMR was then prepared with a substoichiometric 
amount of labeled DsbA C33S, so that all would be covalently bound. The sample was 
concentrated, dialyzed for 2 days against 25 mM Tris, pH 8, and centrifuged for 1 h at 100,000 x 
g to remove large aggregates of contaminating protein and lipid. The supernatant was then 
centrifuged for 20 h at 100,000 x g to pellet the dark red DsbA/DsbB complex, which was 
packed into a NMR rotor. 
4.4.2 SSNMR Spectroscopy 
Experiments were performed on an 11.7 Tesla (500 MHz 1H frequency) Varian vnmrs 
spectrometer, a 14.1 Tesla (600 MHz 1H frequency) Varian Infinity Plus spectrometer, and a 
17.6 Tesla (750 MHz 1H frequency) Varian vnmrs spectrometer equipped with Varian BalunTM 
1H-13C-15N 3.2-mm probes. All data was acquired at 0±3 °C and -7±3 °C actual sample 
temperature for the nanocrystalline and membrane protein samples, respectively (determined by 
ethylene glycol calibration).22 All experiments utilized tangent ramped cross polarization23 with 
TPPM24 decoupling of the protons applied during acquisition and evolution periods on average at 
~80 kHz. For 3D 15N-13C-13C correlation experiments, band-selective SPECIFIC CP25 was used 
for polarization transfer between 15N and 13C. Other experiments were performed according to 
published procedures as cited in the main text.  Hard π/2 pulse widths were typically 2.5 µs for 
1H and 13C, and 4.0 ms for 15N. 
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Spectra were processed with nmrPipe,26 employing zero filling and Lorentzian-to-Gaussian 
line broadening for each dimension before Fourier transformation. Back linear prediction and 
polynomial baseline correction were applied to the frequency domain in the direct dimension. 
Chemical shifts were referenced externally with adamantane (assuming the downfield peak to 
resonate at 40.48 ppm).27 Additional experimental details are listed in the figure captions. Peak 
picking and assignments were performed with Sparky.28 
4.5 Results and Discussion 
In this study we investigate a covalent membrane protein complex DsbA/DsbB at atomic-
resolution. This complex is an intermediate within the disulfide rearrangement mechanism where 
C30 from DsbA forms an intermolecular disulfide bond with C104 from its membrane bound 
partner DsbB. In order to prevent the back reaction of C33 from DsbA attacking this 
intermolecular disulfide bond separating the two proteins we are using the C33S mutant of DsbA 
in the covalent complex with wild type DsbB to prepare a stable intermediate state to study in an 
endogenous lipid environment by SSNMR, which is believed to be representative of the structure 
of a transient intermediate in oxidation of DsbA by DsbB. In previous studies we have 
investigated the chemical shifts of the oxidized form of the wild type DsbA enzyme in 
nanocrystalline preparations. In the previous study29 we investigated the chemical shifts of the 
oxidized form of the wild type DsbA enzyme in the nanocrystalline preparation. The majority of 
the backbone signals in the spectra of U-13C,15N-DsbA(C33S)/[n.a.]-DsbB overlaid very well 
with the oxidized U-13C,15N-DsbA. However, there were ~5% of the resolved signals in the CC 
2D of U-13C,15N-DsbA(C33S)/[n.a.]-DsbB that were significantly perturbed, i.e. greater than 0.5 
ppm.29 In the current study we carried out chemical shift assignments not only of the membrane 
protein preparation of U-13C,15N-DsbA(C33S)/[n.a.]-DsbB, but also of the nanocrystalline 
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preparation of DsbA(C33S) in order to distinguish chemical shift perturbation rising from the 
mutation of C33 and those chemical shift perturbations of DsbA due to complex formation with 
DsbB. 
 
Figure 4.1 Overlay of DsbA and DsbA(C33S). 
CC 2D with 25 ms DARR spectra acquired at MAS rates of 12.500 kHz at 750 MHz (1H frequency) of 
oxidized wild type DsbA (blue, 30 hrs) and C33S-DsbA (red, 36 hrs) with perturbed residues in the 
Ser/Thr CA-CB and Ile CG1-CD2 regions have been labeled. The spectra were processed with 10 Hz and 
20 Hz Lorenzian-to-Gaussian apodization in F2 and F1 for the CC 2Ds of wild type and C33S-DsbA, 
respectively. 
4.5.1 Chemical Shift Assignments of DsbA(C33S) 
We prepared a uniformly-13C,15N-labeled sample of the C33S mutant of DsbA in a 
nanocrystalline preparation, analogous to the preparation of the oxidized wild type DsbA studies 
of the nanocrystalline state the has been previously studied.29 Comparison of the SSNMR spectra 
of the wild type and mutant nanocrystalline DsbA samples show a great degree of similarity in 
the crosspeak pattern (Figure 4.1). The mutation site can be clearly observed in the Thr/Ser 
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fingerprint region of the CC 2D spectra acquired with 25 ms of DARR mixing.30 The overall 
impression of the overlay of the wild type and C33S mutant confirms that the backbone chemical 
shifts, and thus the chemical environments and protein structure, are very similar. Greater than 
95% of the chemical shifts resolved in the overlaid spectreea show no chemical shift 
perturbations. The most notable exceptions being the CB shift of residue S27 and the side chain 
resonances (CD and CG2) of I113. S27 showed the most dramatic shift where upon mutation of 
residue 33 from Cys to Ser, S27 experienced a +0.8 ppm shift in its CB chemical shift, the 
largest 13C backbone chemical shift change between the two sample preparations, and only -0.1 
ppm change in its CA chemical shift. These changes in chemical shift values could represent a 
trend for S27 toward more helical secondary structure.31,32 The chemical shift change in the I113 
side chain, -0.2 ppm for CD1 and +0.2 ppm for CG2, is not as significant as those observed in 
S27.  
These small chemical shift perturbations in the side chain of Ile are representative of other 
small perturbations observed throughout the rest of the protein backbone and side chain 
resonances (Figure 4.2). Since not every site in the protein can be resolved from a two-
dimensional data set, a backbone walk was preformed on the DsbA(C33S) sample using 
NCACX and NCOCX three-dimensional experiments performed with 90 ms of 13C-13C 
broadband DARR mixing to obtain individually resolved resonances that can be site-specifically 
assigned in the, now widely used, backbone walk strategy.21,33-43 A longer mixing time allowed 
for the observations of i and i-2 or i±1 13C peaks for the NCOCX and NCACX slices in the 15N 
F1 dimension, respectively. These additional resonances observed in the direct dimension of the 
spectra enable confident site specific assignments to be performed even without the full suite of 
backbone walk experiments, i.e.- the CNC three dimensional experiments. In total 70%  
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Figure 4.2 Chemical shift comparison of wild type versus C33S mutant of DsbA. 
a) 15N, b) 13CA, c) 13C’, d) 13CB, and e) 13C side chain chemical shifts of oxidized wild type DsbA versus 
DsbA(C33S). Dotted lines represent standard deviation of best-fit line (0.3 ppm for 13C and 0.5 ppm for 
15N. Resonances outside the standard deviation are labeled. 
of N, 69% of C’, 80% CA, 63% CB, and 69% of other carbon/nitrogen side chain resonances 
were assigned, compared to the number of heavy atoms assigned in the wild type DsbA study in 
the solid-state.29 Overall the chemical shifts of the wild type DsbA versus the C33S mutant of 
DsbA are extremely similar. Figure 4.2 demonstrates that the R2 values of the best-fit line for 
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each atom type range from 0.989 for the carbonyl atoms to 0.999 for all the other 13C atoms 
including, CA, CB and side chains. Dashed lines are drawn to be ± 0.3 and ± 0.5 ppm from the 
best-fit line for 13C and 15N atoms, respectively. These deviations represent typical perturbations 
that can be observed either between different spectra of the same sample or between various 
batches of a similar sample preparation (i.e.- chemical shift deviations between several different 
sample batches of U-13C,15N of the same protein or between U-13C,15N and glycerol, either 2-13C 
or 1,3-13C, preparations of the same protein), as observed through our previous solid-state studies 
of wild type oxidized DsbA. Although a majority of the signals were assigned for the C33S 
mutant of DsbA, the largest gap of signals that could not be assigned from the U-13C,15N-
DsbA(C33S) sample alone were residues E24 through D44, which are located near the active site 
(C30-P31-H32-S33) of the protein. In the previous DsbA study almost the entire backbone in 
this region from E24 to D44 could be assigned almost exclusively with the CC 2D, TEDOR 2D 
and NCC 3Ds acquired on the sparsely labeled samples prepared with either 2-13C or 1,3-13C 
glycerol labeling schemes, and uniform 15N labeling. Thus with data solely acquired on the U-
13C,15N DsbA(C33S) these signals are either in very congested regions of the NCC 3D spectra or 
are experiencing dynamic averaging leading to a lower observed sensitivity or signal intensity. 
The residues that are shown to experience minor changes reside mostly on the periphery of the 
protein, according to the 1A2J DsbA structure44 (the sample preparation that is most like our 
sample conditions for the wild type DsbA sample) and could be experiencing slight changes in 
the crystal packing of the nanocrystal or the presence or absence of PEG molecules utilized for 
precipitation of the nanocrystals. 
The chemical shift assignments of the DsbA(C33S) mutant have shown that the chemical 
shifts are extremely similar to the chemical shifts obtained from the wild type oxidized DsbA 
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nanocrystalline sample preparation. Thus, we can conclude that the chemical environments 
experienced by these atoms in the wild type versus the C33S mutant of DsbA nanocrystals are 
almost the same. The similarity of the chemical shifts of these two preparations suggests that the 
tertiary structure would be the same for the wild type and the C33S mutant of DsbA. 
4.5.2 Mapping Chemical Shift Perturbations of the DsbA/DsbB Complex 
 The similarity of the chemical shifts also allows us to make the comparison between the 
chemical shifts of DsbA on its own to the chemical shifts observed for DsbA when in covalent 
complex with its membrane bound partner, DsbB. A sample was prepared such that DsbA(C33S) 
was prepared with uniformly-13C,15N labeled and DsbB was in natural abundance to remain 
unobserved in NMR experiments. Additionally, the DsbA/DsbB complex sample contains native 
lipids and the ubquinone-8 co-factor, essential to the overall activity and stabilization of the 
complex. Hence, we cam gain insights into the structural changes during the process of disulfide 
bond generation from where DsbA is free in the periplasm to covalently forming a charge-
transfer intermediate with DsbB. This information can be obtained through changes in the 
backbone and side chain chemical shifts observed between U-13C,15N-DsbA(C33S) and U-
13C,15N-DsbA(C33S)/[n.a.]-DsbB. 13C-13C two-dimensional spectra of the comparison between 
wild type DsbA and this U-13C,15N-DsbA(C33S)/[n.a.]-DsbB complex were reported in the 
previous study.29 As noted earlier it was demonstrated there that the majority of signals resolved 
in this spectrum overlaid almost perfectly with the wild type DsbA. However, many resonances 
are too congested to make confident chemical shift assignments and some residues showed 
perturbations large enough to require de novo chemical shift assignment efforts. 
In order to obtain confident site-specific assignments we performed NCACX and NCOCX 
three-dimensional experiments with 90 ms DARR mixing, similar to those experiments 
 86 
performed on the DsbA(C33S) nanocrystalline sample. Figure 4.3 shows a backbone walk using 
the two three-dimensional experiments from A81 to E85. In this particular stretch of residues the 
13C shifts (13CA, 13CB, 13C’, and 13C side chains) remained essentially unperturbed from the 
DsbA(C33S) chemical shifts. However, the 15N chemical shifts demonstrate perturbations to the 
amide nitrogen of +0.24 ppm for A81, +0.1 ppm for L82, +0.5 ppm for G83, +0.36 ppm for V84, 
and +0.39 ppm for E85 relative to the chemical shifts observed in DsbA alone. Some of these 
changes in the amide nitrogen shifts could be within the chemical shift error bars for the digital 
resolution of these three-dimensional spectra. However, these slight differences do demonstrate 
the need to complete chemical shifts assignments using well resolved spectra, either with 
multidimensional experiments of uniformly-labeled sample or an alternative strategy of selective 
labeling of the protein. The sensitivity of this sample was the greatest challenge in performing 
the three-dimensional experiments, which is why we choose to use the longer DARR mixing 
time instead of performing a CNC type experiment. When performing this type of three-
dimensional experiment a tradeoff between sensitivity and encoded information must be 
balanced. For example, in the CA-N-CO or CO-N-CA three cross-polarization steps are utilized 
and some sensitivity is lost at each transfer step. This sensitivity can be regained by using 
selective mixing schemes rather than broadband types of mixing, like SPC5,45,46 R2T,47 or POST-
C748 recoupling schemes for example, with the trade-off of sacrificing the side chain information 
available from DARR mixing. The best made here to balance information and sensitivity was the 
decision to use a longer, 90 ms, DARR mixing period in the direct dimension of the NCC three-
dimensional experiments. As observed in Figure 4.3 using the longer DARR mixing gives us 
additional information of neighboring residues to make confident assignments. For example, in 
the 15N planes of the NCACX  (Figure 4.3, blue) and NCOCX (Figure 4.3, red) with the G83CA  
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Figure 4.3 Chemical shift comparison of wild type versus C33S mutant of DsbA. 
Backbone walk of DsbA(C33S) from Ala 81 to Glu 85 of U-13C,15N-DsbA(C33S) in complex with natural 
abundance wild type DsbB using NCACX (blue) and NCOCX (red) with 90 ms of DARR mixing 
acquired at 500 MHz (1H frequency) at a MAS rate of 11.111 kHz at a sample temperature of -7 ± 1 °C. 
The spectra were processed with 50, 50, and 30 Hz and 40, 40, and 50 Hz Lorenzian-to-Gaussian 
apodization in F3, F2, and F1 for the NCACX (9 days of acquisition) and NCOCX (13 days of 
measurement time), respectively. 
cross peak you can also observe cross peaks in the direct dimension corresponding to L82 CA 
and V84 CA and CG1 confirming the chemical shift assignments of this particular stretch of 
amino acids. However, in some regions (~120-121 ppm in the 15N dimension) using this longer 
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DARR mixing creates an increase in the congestion of the planes making assignment procedures 
more challenging since individually resolved resonances are not always present. 
 Although many sites within DsbA(C33S) and the DsbA(C33S)/DsbB complex were able 
to be assigned site-specifically one key region that remained unresolved was the active site of 
DsbA. This stretch of amino acids in the wild type DsbA, C30-P31-H32-C33, were only able to 
be assigned through the use of 15N-13C 2D ZF-TEDOR and NCACX experiments acquired on a 
2-13C-glycerol labeled sample and NCOCX experiments acquired on a 1,3-13C-glycerol labeled 
sample. Thus, ZF-TEDOR spectra were acquired on all three samples for direct comparison. 
Since glycerol labeled samples are not yet available for the DsbA(C33S) alone and in complex 
with DsbB the uniformly-13C,15N samples were utilized for this series of experiments. The line 
widths of uniform labeling are not as narrow compared with equivalent spectra of glycerol 
labeled samples due to the presence of the 13C J-couplings. However, the Pro region of the ZF-
TEDOR spectra were well resolved enough to confidently identify the Pro assignments (Figure 
4.4a-b). Figure 4.4a shows the short TEDOR mixing (1.80 ms), such that only directly bonded 
correlations are observed including both the 15N-13CA and 15N-13CD correlations for Pro residues. 
In order to confidently assign the two downfield Pro residues we needed to observe correlations 
at these 15N frequencies to distinctive neighboring 13C atoms. With the glycerol samples this was 
achieved by increasing the TEDOR mixing time. However, for this set of experiments the J-
couplings make observation of these longer distances extremely difficult with the decreased 
signal intensity modulated by the directly bonded 13C-13C scalar couplings. As an alternative to 
this experiment we performed the same short mixing ZF-TEDOR 2D experiment with the 
addition of broadband 13C-13C DARR30 mixing. Therefore, we maintain the sensitivity from ZF-
TEDOR one bond correlations, but also have the additional information from neighboring 13C 
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atoms to identify the 15N Pro atoms, like the correlations from G53 13CA and L50 13CB to P51 
15N (Figure 4.4b). The overlay of the TEDOR experiments from the three different samples, 
DsbA wild type, C33S mutant, and DsbA in complex with DsbB, shows that the majority of the 
Pro residues overlay very well between the three different samples (Figure 4.4a). Again this 
proves that the majority of the backbone resonances are in similar chemical environments 
between the three samples. However, the Pro in the active site of DsbA, P31, shows dramatic 
differences in the 15N chemical shifts between the three samples. A shift of 4.9 ppm in the 15N  
 
Figure 4.4 Active site Pro (P31) chemical shift changes observed between wild type DsbA, C33S 
mutant of DsbA, and DsbA in complex with DsbB. 
a) Overlay of the Pro region of 15N-13C two dimensional ZF-TEDOR spectra with 1.80 ms mixing of wild 
type oxidized DsbA (black, 5 hrs), DsbA(C33S) (red, 10 hrs), and U-13C,15N-DsbA(C33S) in complex 
with natural abundance wild type DsbB (blue, 2 days), and b) expansion of the 15N-13C 2D with 1.80 ms 
of ZF-TEDOR mixing followed by 90 ms DARR mixing spectra of oxidized wild type DsbA (black, 3.5 
days), DsbA(C33S) (red, 4.5 days), and DsbA in complex with DsbB (blue, 3.75 days) acquired at 600 
MHz (1H frequency) at a MAS rate of 13.333 kHz at a sample temperature of -6 ± 1 °C. The ZF-TEDOR 
spectra were processed with 20 and 10 Hz Lorenzian-to-Gaussian apodization in F2, and F1, respectively 
for all three spectra. The wild type and DsbA(C33S) ZF-TEDOR + DARR spectra were processed with 
50 and 30 Hz Lorenzian-to-Gaussian apodization in F2, and F1, respectively, while the 
DsbA(C33S)/DsbB ZF-TEDOR + DARR spectrum was processed with 75 and 40 Hz Lorenzian-to-
Gaussian apodization in F2, and F1, respectively. c-d) Crystal structures highlighting Pro 31 in the DsbA 
oxidized (1A2J, black), DsbA reduced (1A2L, silver), DsbA(C33A) (1U3A, red), and DsbA in complex 
with DsbB (2ZUP, blue) from several views. 
chemical shift occurs between the oxidized wild type and C33S mutant of DsbA. Chemical shift 
changes have also been observed between the oxidized and reduced states of DsbA.49 In the 
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solution NMR study the 15N chemical shifts between the oxidized and reduced forms of wild type 
DsbA varied from 1.1 for F28 to 12.8 ppm for C33 for all residues in the stretch S27-F28-F29-
C30 and C33-Y34 (P31 and H32 were not assigned), compared to < 1 ppm variations for the rest 
of the residues in the sequence. Additionally, a crystal structure of the C33A mutant of DsbA 
was solved to 2.0 Å (PDB ID: 1U3A), and elucidated a cis to trans isomerization of P31 and 
conservation of the general structure of wild type DsbA.50 Overlaying the crystal structures of the 
wild type DsbA oxidized (Figure 4.4c-d, black),44 wild type DsbA reduced (Figure 4.4c-d, 
silver),51 DsbA(C33A) mutant (Figure 4.4c-d, red),50 and DsbA(C33A) in complex with DsbB 
(Figure 4.4c-d, blue)9 while highlighting the P31 residue in the active site of DsbA demonstrates 
interesting differences. Overall the active site structure is the most different in the DsbA(C33A) 
mutant, which is not surprising given the cis/trans isomerization of P31. Additionally, this 
crystal structure was shown that the C33A mutant actually forms dimmers through disulfide 
bonds between two DsbA molecules through the C30 residue.50 In our sample preparations it is 
unlikely that we have the cis/trans isomerization taking place in P31. This can be supported by 
the fact that if this was the case the CB and CG chemical shifts between the wild type and C33S 
mutant would experience greater chemical shift perturbations. In our case the CB and CG 
experience only a 0.2 and 0.3 ppm perturbation between the difference samples. Therefore, our 
C33S mutant of DsbA is most similar to the reduced form of DsbA and does not experience a 
drastic rearrangement of the backbone structure as the overlay of crystal structures predicts, 
which is also supported by our observation of the chemical shift similarities between the wild 
type DsbA and DsbA(C33S) chemical shifts.  
Furthermore, the correlations for P31 are missing in the DsbA/DsbB complex spectrum. This 
is not a result of decreased sensitivity, compared with the nanocrystalline DsbA samples, since 
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the other Pro residues in this region show similar signal-to-noise values when compared with 
either of the nanocrystalline DsbA samples. Therefore, we can conclude that P31 must be 
experiencing different motions in the complex, such that in the NMR experiment we are 
observing motional averaging on a similar time scale as that of our decoupling.52 We tried to 
reduce the temperature to freeze in the conformations of the P31 of the DsbA/DsbB complex. 
However, the line widths suffered broadening to an extent where the TEDOR 2D spectra were 
inconclusive. This broadening has been observed in previous samples of DsbB and the 
DsbA/DsbB complex that have been prepared in a lipid environment and relate to the 
temperature where the phase transition of these lipids takes place to create microscopic order.53 
The nanocrystalline samples do not suffer this temperature limitation. Therefore we were able to 
collect sufficiently well resolved one-dimensional 15N spectra of oxidized wild type DsbA at 
several different temperatures (Figure 4.5). Here it was observed that P31 is actually in two 
conformations at the lower temperature and at the higher temperature we see only one peak at the 
chemical shift of the weighted average, 151.2 ppm, of the P31 conformation downfield, at 151.4 
ppm, and the conformation upfield, at 150.8 ppm. In the 2D ZF-TEDOR spectra (Figure 4.4a-b) 
we observe only the downfield 15N chemical shift since it is 2.6 times as populated as the upfield 
15N conformation of P31. This demonstrates that even the wild type DsbA has dynamics in the 
active site region that can be observed by NMR. 
The 15N signals shown in the expansions (Figure 4.5, right) allow the observation of 
interesting dynamics in the nitrogen side chains of His residues. In DsbA there are three His 
residues, H32, H41 and H60. Only one of these residues remains rigid (i.e.- sharp resonance in 
the NMR spectra) at the higher temperature. According to the crystal structure of wild type 
oxidized DsbA H32 is in a helical conformation in the active site, H41 is in a loop after the  
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Figure 4.5 15N 1Ds of wild type oxidized DsbA at varying temperatures. 
15N 1D spectra (left) and expansion of grey box (right) acquired at an MAS rate of 13.333 kHz at 600 
MHz (1H frequency) acquired with 2500 points, a dwell of 20 µs, and a pulse delay of 2.5 s of oxidized 
wild type DsbA with the variable gas temperatures set to a) -10 °C (12,286 scans) and b) +10 °C (16,384 
scans). 
active site, and H60 is in a beta strand on the edge of the thioredoxin domain. Additionally, in an 
NCACX three-dimensional experiment acquired on uniformly-13C,15N-labeled oxidized wild type 
DsbA the cross peak for H60 N-CA-CG is observed at a signal-to-noise ratio of 13 while in the 
same spectrum the H41 N-CA-CG cross peak has a signal-to-noise ratio of 8, and the H32 
correlations are too weak to observe. All of this data provides additional support that the active 
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site residues, and neighboring residues are experiencing motions on the milli-second or faster 
time scale in the oxidized wild type DsbA sample. 
The observed 15N chemical shift of P31 in DsbA(C33S) has a completely different chemical 
shift than either of the two conformations observed for the oxidized wild type DsbA. It could be 
that the active site of DsbA is sampling the conformation space between the oxidized and 
reduced forms of the active site on the milli-second or faster time scale. Therefore, becoming 
motionally averaged and too weak to observe by SSNMR in a lipid environment close to the 
lipid phase transition, where the resolution is optimal for observing these intricate details site-
specifically.  
A similar study was performed using DsbB as the conformational probe. Where chemical 
shift assignments in the solid-state that were previously published20,21 were compared with shifts 
from a sample where DsbB is uniformly-13C,15N-labeled and covalently linked to its soluble 
enzyme partner, DsbA. It was shown that comparison of the fingerprint spectra of DsbB on its 
own and in complex with DsbA demonstrated the majority of the backbone resonances overlaid 
exactly (Figure 4.6). Two residues that are individually resolved in these spectra that do 
experience chemical shift perturbations are, T103 and I45(Figure 4.6b-c). T103 can be explained 
since it resides in one of the large loops of DsbB and is very mobile in DsbB alone, but is most 
likely more restricted in space once a complex with DsbA is formed since it is close to the Cys 
reside, C104, which forms the disulfide link with DsbA. I45 shows minor perturbations, which is 
likely due to the proximity to the point mutation in DsbB, C41S in the DsbB alone to prevent any 
disulfide rearrangements to happen in DsbB and move away from the transition state where we 
have a stable charge transfer complex between DsbB and ubiquinone-8 versus wild type DsbB in 
complex with DsbA, where we also stabilize the charge transfer complex intermediate in the  
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Figure 4.6 Chemical shift perturbation mapping of DsbA versus DsbA in complex with DsbB. 
a) CC 2D with 25 ms DARR spectra acquired at MAS rates of 12.500 kHz at 750 MHz (1H frequency) at 
sample temperatures of -12 ± 1 °C of U-13C,15N-DsbB(C41S) (red, 1 day) and U-13C,15N-wild type DsbB 
in complex with natural abundance DsbA (blue, 5.25 days) and expansions of the b) methyl region, and c) 
Ser/Thr CA-CB regions with perturbed residues labeled. 
disulfide rearrangement pathway.54 The sensitivity of the [n.a.]-DsbA/U-13C,15N-wild type DsbB 
was not good enough to perform complete site-specific assignments for full chemical shift 
perturbation mapping of DsbB for this study.   
Site-specific chemical shift perturbation mapping of DsbA versus DsbA in complex with 
DsbB was completed with the chemical shift assignment efforts described above. Figure 4.7a 
shows these chemical shift perturbations mapped onto the DsbA/DsbB complex crystal 
structure.9 As with the comparison of wild type DsbA and the C33S mutant of DsbA the sites 
highlighted are one where the 13C shifts differ by more than 0.3 ppm or the 15N shifts differ by 
more than 0.5 ppm. These perturbations were calculated from the chemical shift assigned 
throughout DsbA, including the termini, thioredoxin domain and the helical domain of DsbA 
(Figure 4.7b). Additionally, significant chemical shift changes occur both on the exterior and the  
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Figure 4.7 Chemical shift perturbation mapping of DsbA versus DsbA in complex with DsbB. 
a) Chemical shift perturbations mapped onto the DsbA/DsbB complex crystal structure (PDB ID: 2ZUP). 
DsbA is shown in blue, DsbA active site (C30-P31-H32-C33) and DsbB C41 and C104 residues in 
yellow, DsbB in grey, and amino acids with perturbations greater than 0.5 ppm in red. b) Plot by residue 
number of all chemical shift perturbations where black diamonds, open squares, and grey circles represent 
loop/turn, beta sheet and alpha helical regions, respectively. The grey box emphasizes ± 0.3 ppm 
chemical shift perturbations. 
interior of the protein, according to the crystal structure. A higher number of the chemical shift 
perturbations that are observed are in the helical domain and the termini when compared with the 
thioredoxin domain. These types of chemical shift changes could come from a variety of changes 
in the structure of DsbA, including backbone and side chain rearrangements, hydrogen bonding 
changes, changes in dynamics, or interactions with solvent molecules or other changes in crystal 
contacts.  
The correlation between chemical shift perturbations, structural changes, and solvent 
exposure based on the crystal structures of DsbA alone and DsbA in complex with DsbB was 
investigated to see if structural changes or solvent effects can explain our observed chemical  
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Figure 4.8 Effects of RMSD and solvent exposure changes between DsbA and DsbA/DsbB complex. 
a) Individual atom RMSDs and b) difference in solvent exposure predicted from one of the modules of 
Shift X2 calculated based on the crystal structures of DsbA (PDB ID: 1A2J) and the DsbA/DsbB complex 
(PDB ID: 2ZUP) plotted against chemical shift perturbations of DsbA(C33S) versus DsbA(C33S)/DsbB 
complex. Grey boxes emphasize ± 0.3 ppm chemical shift perturbations. 
shift perturbations. Based on this analysis some of the chemical shift perturbations can be 
explained by differences observed simply between small structural changes in the two crystal 
structures, like S169 CA and G53 N for example. However, there are many chemical shifts that 
give significant perturbations but show very little differences between the crystal structures, like 
R103 N, D67 N and N114 N as extreme examples. We also considered the effect of solvent by 
calculating the solvent exposure based on the crystal structures from one of the modules of Shift 
X2 (Han, B. et al: http://www.shiftx2.ca/index.html). Again some of the chemical shift 
differences can be explained by this solvent effect, for example P51 CB or D67 N, T11 N, and 
V90 CG1. There are still many other perturbations that cannot be explained based on these 
changes alone. This leads us to conclude that these chemical shift perturbations that we observe 
must be due to effects that cannot be observed only based on the crystallographic data alone. 
There must be further structural changes that could not be elucidated from the 3.7 Å crystal 
structure or other chemical environment changes, like hydrogen bonding or crystal contacts or 
interactions with the lipids present in the DsbA/DsbB complex sample. 
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4.6 Conclusions 
In conclusion, full chemical shift assignments were completed for the C33S mutant of DsbA 
and compared to the chemical shift assigned for the oxidized wild type DsbA sample. The 
perturbations from this mutant were demonstrated to be minimal so that we can conclude that the 
structures of the wild type and the C33S mutant of DsbA have very similar backbone and side 
chain structures. However, it was determined through a different set of experiments that the 
active site of DsbA shows vast changes in chemical shifts between these two forms of DsbA. 
Specifically, P31 was shown to change by 4.9 ppm in its 15N chemical shift, and based on the 
chemical shifts of P31 it is believed that the structure is more closely akin to the wild type 
reduced structure of DsbA than the structure of the C33A mutant of DsbA. Additionally, 
dynamics were observed in the active site of DsbA, both in the oxidized wild type where two 
conformations are present and in the complex where the P31 signal could not be observed 
pointing to the fact that this region is much more dynamic in this conformation than when DsbA 
is alone in the periplasm. Chemical shift perturbations for the DsbA/DsbB complex were also 
mapped onto the crystal structure to demonstrate that there are many significant changes being 
observed that can not be explained solely based on the differences between the crystal structures 
of DsbA and DsbA/DsbB. SSNMR has the power to observe these types of structural an dynamic 
changes occurring upon complex formation for the DsbA/DsbB system. The chemical shift 
perturbation mapping is the first step toward measuring quantitative distances in the DsbA/DsbB 
complex, which will help elucidate mechanistic details related to the disulfide bond generation 
pathway. 
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CHAPTER 5  
Automated Chemical Shift Assignment of Magic-angle Spinning 
SSNMR of Biomolecules 
5.1 Notes and Acknowledgements 
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volume 48, 2010, pages 123-128, authors: Hunter Moseley, Lindsay J. Sperling, and Chad M. 
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5.2 Abstract 
Magic-angle spinning solid-state NMR (MAS SSNMR) represents a fast developing 
experimental technique with great potential to provide structural and dynamic information for 
proteins not amenable to other methods. However, few automated analysis tools are currently 
available for MAS SSNMR. We present a methodology for automating protein resonance 
assignments of MAS SSNMR spectral data and its application to experimental peak lists of the 
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β1 immunoglobulin binding domain of protein G (GB1) derived from a uniformly 13C- and 15N-
labeled sample. Application to the 56 amino acid GB1 produced an overall 84.1% assignment of 
the N, CO, CA, and CB resonances with no errors using peak lists from NCACX 3D, CANcoCA 
3D, and CANCOCX 4D experiments using AutoAssign. Additionally, we present automation of 
chemical shift assignment of uniformly-13C,15N-labeled GB1 using the algorithm GARANT, 
which produced correct chemical shift assignment of 94% of the heavy atoms (13C and 15N) in 
GB1. Finally, we present the extension of this work to the disulfide bond-forming enzyme DsbA, 
a 189 residue E. coli protein, where we have successfully assigned 50% of the atoms using 
GARANT. This represents a major step forward for automated analysis of uniformly-13C,15N 
labeled proteins from small proteins, where nearly every peak is resolved in two-dimensional 
spectra, to very large proteins, where manual assignments require three and four dimensional 
data. Thus taking timelines for data analysis efforts for larger proteins from many months to 
years toward days to weeks.   
5.3 Introduction 
Protein structure determination using NMR techniques has been exploding in the last decade. 
Currently, there are greater than 8,000 protein structures deposited into the Protein Data Bank 
that have been determined using NMR techniques. Greater than 99.5% of these structures have 
been solved using solution NMR methods specifically to produce biomolecular structures at 
atomic-resolution. The general protocol to obtain atomic-resolution structures via solution NMR 
consists of five steps which include: (1) Isotopically labeling the sample (either 13C,15N or 
2H,13C,15N or other combinations of selective isotopic labeling), (2) Completing full chemical 
shift assignments of the protein to gain primary and secondary structural information, (3) 
Collecting distance restraints, (4) Calculating the structure to gain the tertiary information, and 
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(5) Refining the structure. This methodology has significantly advanced since the first solution 
NMR structure was determined and now solution NMR structure determination is used as a vital 
tool in the pipelines of many structural biology centers across the country. This was possible due 
to the advances in protein expression and isotopic labeling,1-4 which have enabled the production 
of larger quantities of labeled material. Additionally, modifications to pulse sequences and NMR 
hardware developments5-10 have increased the rate of acquisition and the sensitivity of 
experiments. But most importantly, automated routines for data analysis including: tools for 
picking peaks and assigning chemical shifts,11-24 tools for analyzing distance restraints,25-30 and 
tools incorporating these restraints into structure determination algorithms31-35 have enabled fast 
tracking the process to obtaining de novo atomic-resolution structure determination for solution 
NMR. 
In recent years SSNMR has had major breakthroughs solving structures of crystalline,3,36-41 
fibril,42 and membrane43 protein preparations. However, the path to full protein structure has yet 
to be streamlined for SSNMR. This means that data collection and analysis, the most time 
consuming steps on the road to solving a structure, are almost entirely completed manually. Thus 
while small proteins, less than 10 kDa, can be assigned in a few weeks to months. As the protein 
sizes get larger the challenge increases due to a greater spectral congestion and sensitivity issues. 
One could say that completing manual chemical shift assignments of uniformly-13C,15N-labeled 
proteins will require exponentially more time, from weeks to months to years, as the size of 
targets SSNMR attempts to conquer increases.  
Thus automating the chemical shift assignment process would propel investigations of larger 
systems using SSNMR more feasible, and make better use of SSNMR’s unique ability to tackle 
those proteins, which are underrepresented in the Protein Data Bank. However, sophisticated 
 106 
automated protein resonance assignment programs, which have been utilized for solution NMR, 
cannot be directly used on SSNMR data lacking hydrogen resonances. This is because leading 
protein resonance assignment programs11-24 are hard wired with an amide 15N-1H double 
resonance spin system root definition (Figure 5.1) and require hydrogen-based experiments.  
 
Figure 5.1 Standard dipeptide spin system definitions for sequential protein resonance assignments 
in solution and solid state NMR 
Spin system root resonances are in red.  The solid red box indicates that the root resonances are found in 
all standard experiments used in dipeptide spin system assembly.  The dashed red boxes indicate pairs of 
root resonances are found in only a subset of the experiments used in dipeptide spin system assembly. 
These resonances are dictated by the set of NMR experiments (i.e., experimental strategy) 
used to solve this assignment problem. As shown in Figure 5.1, common MAS SSNMR protein 
resonance assignment strategies use a partial triple resonance spin system root definition,44-49 
since not all three resonances may be present within each experiment in a given strategy. MAS 
SSNMR experimental strategies naturally group into three categories of assignment strategies 
(Table 5.1). In category I, two sets of experiments containing either Ni-C’i-1 or Ni-Cαi root 
resonances are combined into complete dipeptide spin systems using the single common amide 
nitrogen root resonance. In categories IIa and IIb, experiments containing either Ni-C’i-1 or Ni-
Cαi root resonances are combined into complete dipeptide spin systems using two  
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Category I Category IIa Category IIb Category III 
Cαi-Ni-C’i-150,51 C’i-1-Ni-Cα i50,51 Cα i-Ni-C’i-150,51 Cα i-Ni-C’i-1-CXi-152 
Ni-Cα i-CXi53,54,47 C’i-1-Ni-(Cα i)-CXi55 Cα i-Ni-(C’i-1)-CXi-
1
52 
C’i-1-Ni-Cα i-CXi 
Ni-C’i-1-CXi-153,54,48 Ni-C’i-1-CXi-153,54,48 Ni-Cα i-CXi53,54,48,47 Cαi-Ni-C’i-1-Cαi-150 
Ni-C’i-1Cαi-147,j Ni-C’i-1Cαi-147,49 Ni-Cαi-CαiCβi49,56 C’i-1-Ni-Cαi-Cβi 
Ni-Cαi-CαiCβi49,56 C’i-1-Ni-(Cαi)-Cβi Ni-Cαi-Cβi51 C’i-1-Ni-Cαi-CαiCβi 
Ni-Cαi-Cβi51 C’i-1-Ni-(Cαi)-C’i Ni-Cαi-C’i47 C’i-1-Ni-Cαi-C’i 
Ni-C’i-1-(Cαi-1)-Cαi-1Cβi-
1
56 
Ni-C’i-1-(Cαi-1)-Cαi-1Cβi-
1
56 
Cαi-Ni-(C’i-1)-Cαi-1  
Ni-C’i-1-(Cαi-1)-Cβi-1 Ni-C’i-1-(Cαi-1)-Cβi-1   
Ni-Cαi-C’i47    
Table 5.1 MAS SSNMR experimental strategies for protein resonance assignment.  
Experiments refer to the detected nuclei and magnetization transfer and not to specific pulse sequence 
implementations. Experiments in bold are required. 
common root resonances. In category III, the listed 4D experiments contain all three root 
resonances, which represent a complete triple resonance spin system root definition. Labs have 
published assignment results using category I strategies, but only on small proteins.45-47,49,56-58 
Therefore, labs are starting to use category II strategies for larger proteins48,59-64 and in rare cases 
category III.44,52 It is expected that labs in the future will probably explore category III strategies 
using newer G-matrix Fourier transformation (GFT) experiments.7,50,65-68 Moreover, category II 
and III strategies have strengths that could make them better for automation than even solution 
NMR strategies. First, the chemical shift dispersion in Euclidean space of Ni-Cαi, and especially 
C’i-1-Ni-Cαi root resonance tuples is significantly greater than for Ni-Hi root resonance tuples. 
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Said another way, Ni-Cαi pairs of chemical shifts for a folded protein plotted on a 2D graph as 
small circles with radius representing the uncertainty in their chemical shift values will show less 
dense clumps (i.e. less overlapping of circles) than Ni-Hi pairs of chemical shifts plotted in a 
similar way. This helps prevent the non-unique grouping of peaks into spin systems, which 
severely complicates resonance assignments. Second, category IIa and IIb strategies can be 
combined into a single strategy represented as a merged double bipartite graph. This 
representation may lead to the development of superior grouping and linking algorithms.   
Furthermore, assignment of solid-state NMR data provides its own unique challenges that 
must be addressed when designing effective automated assignment methods. For example, 
SSNMR data generally has lower sensitivity than solution NMR since the majority of SSNMR 
techniques require observation of the 13C signal, rather than 1H. SSNMR spectra can also have 
greater congestion of resonances due to larger line widths observed in solids, compared to 
solution, which are mainly a result of incomplete cancelation of hetero and homonuclear dipolar 
couplings. Finally, SSNMR transfer pathways generally rely on dipolar transfers, which result in 
polarization transfer that is not as specific as in most commonly run solution NMR experiments. 
This makes the observed resonance prediction slightly more challenging. Additionally, dynamics 
can drastically effect the cross polarization effectiveness resulting in the missing signal intensity 
for amino acids in dynamic regions of the protein. Tycko and Hu using a Monte Carlo/simulated 
annealing algorithm69 have shown that new automated assignment algorithms can be successfully 
used on solid-state NMR data.  
 The results presented here show two different automated assignment algorithms, 
AutoAssign and GARANT, which have been updated for inclusion of select multidimensional 
13C-detected solid-state NMR data sets. We begin with proof of principle by utilizing data sets 
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acquired on the β1 immunoglobulin binding domain of protein G (GB1), which contains 56 
residues (6 kDa). This is followed by alterations of GARANT to successfully utilize data sets 
acquired on the 21 kDa nanocrystalline E. coli disulfide bond forming enzyme, DsbA, to perform 
automated chemical shift assignments.  
5.4 Materials and Methods 
5.4.1 Sample Preparation 
Samples were prepared according to previous methods.44,46 
5.4.2 SSNMR Spectroscopy 
Experiments were performed on an 11.7 Tesla (500 MHz 1H frequency) Varian Infinity 
Plus spectrometer and a 17.6 Tesla (750 MHz 1H frequency) Varian Unity Inova spectrometer 
equipped with Varian BalunTM 1H-13C-15N 3.2-mm probes. Nanocrystals of GB1 and oxidized 
DsbA were packed into 3.2-mm rotors with ~6-9 mg protein in standard wall rotors and ~18-20 
mg in thin wall rotors. All GB1 data was acquired at a variable temperature set point of 0 °C 
with scfh flow maintained at a flow rate of 100 scfh. All DsbA data was acquired at 0±3 °C 
actual sample temperature (determined by ethylene glycol calibration).70 All experiments utilized 
tangent ramped cross polarization71 with TPPM72 decoupling of the protons applied during 
acquisition and evolution periods on average at ~80 kHz. For 3D 15N-13C-13C and 13C-15N-13C 
correlation experiments, band-selective SPECIFIC CP73 was used for polarization transfer 
between 15N and 13C. The details of the 4D experiments closely followed Franks et al.,52 with the 
exception of the r-SNOB pulses, which followed the recipe of Li et al.74  Other experiments were 
performed according to published procedures as cited in the main text.  Hard π/2 pulse widths 
were typically 3.0 µs for 1H and 13C, and 4.5 ms for 15N. 
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Spectra were processed with nmrPipe,75 employing zero filling and Lorentzian-to-Gaussian 
line broadening for each dimension before Fourier transformation. Back linear prediction and 
polynomial baseline correction were applied to the frequency domain in the direct dimension. 
Chemical shifts were referenced externally with adamantane (assuming the downfield peak to 
resonate at 40.48 ppm).76 Additional experimental details are listed in the figure captions. Peak 
picking and assignments were performed with Sparky.77 
5.4.3 AutoAssign Algorithm  
We have implemented a prototype of alignment, grouping, and typing algorithms and 
combined them with the linking and mapping algorithms from the solution NMR assignment 
package AutoAssign12-14,18,20,22 to provide a proof of concept. The alignment algorithm constructs 
and compares Euclidean distance matrices for “input” and “root” peak lists and is similar to the 
point pattern match algorithm pioneered by Ranade and Rosenfeld 78 and improved later for use 
in landstat image registration.79 We have three improvements over their algorithm: i) the use of 
the Jaccard coefficient (i.e. set union divided by set intersection) in place of a simple support list 
count as the robustness score; ii) the multiplication of the Jaccard coefficient by the probability 
of a support pair’s registration; and iii) the use of a weighted standard deviation of registration in 
deriving support tolerances. The latter two improvements convert the algorithm into a stationary 
iterative method. The algorithm is optimized to a computational complexity of O(mn2logn) 
where m and n represent the lengths of the root and input peak lists, respectively. But we see a 
clear path to improve the computational complexity to O(mn2). This alignment algorithm 
provides: i) the best mapping of peaks from an “input” peak list to peaks in a “root” peak list for 
their comparable spectral dimensions; ii) the registration needed to translate the input peak list to 
the root peak list in their comparable dimensions; and iii) the standard deviation of this 
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registration, which is needed to calculate match tolerances. While the alignment step is the most 
computationally intensive step, it only has to be performed once and provides the first set of 
major quality control measures for the given dataset. 
The next step involves grouping of peaks into dipeptide spin systems using root resonances 
that all the peaks in the spin system have in common. Each dipeptide spin system is composed of 
intra-residue resonances and sequential-residue resonances organized as ladders. Our grouping 
algorithm uses a new bottom-up approach to dipeptide spin system grouping in contrast to the 
common top-down algorithms that use a single root spectrum as seeds for spin system creation. 
In this grouping algorithm, peak list-based and ladder-based groupings are done first before 
building the dipeptide spin systems. Peaks from a single spectrum are more self-consistent in 
their values than peaks between spectra. The new algorithm can use narrower tolerances to group 
peaks within a spectrum first and then average the root resonances of these intra-spectra peaks to 
improve their standard error. The same logic is applied to groups of peaks in the same ladder. 
The number of complete spin systems derived from the grouping algorithm provides the second 
major quality control measure for the given dataset. 
For the typing algorithm, we introduce the concept of a chemical shift tuple or ordered list of 
chemical shifts that have some support for being in the same ladder or dipeptide spin system. 
Using a heuristic, the algorithm constructs a set of possible carbon chemical shift tuples to 
calculate Bayesian typing probabilities. Doing so minimizes the deleterious effects of resonance 
misclassification, which can arise from a multitude of situations including overlapped spin 
systems, noise peaks, and missing peaks. Furthermore, we can constrain tuple creation using 4D 
information from category III experiments (Table 5.1) and bottom-up grouping. However, the 
probability densities are no longer comparable in this Bayesian statistical framework because the 
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probability density function changes with the number of carbon chemical shifts or independent 
variables used. This variation in the number of independent variables across the 20 residue types 
requires the use of chi-square probabilities, or p-values of a chi-square statistic, instead of 
probability densities.  In the future, we can use the tuple concept to improve the linking and 
mapping algorithms. 
5.4.4 GARANT Algorithm  
For GB1 GARANT calculations peaks lists were manually picked in Sparky77 and peak lists 
were output in Sparky format from 4 different experiments. The peak lists used in the algorithm 
for GB1 include: (1) a 13C-13C 2D with SPC53 mixing, (2) an NCOCX 3D with 99 ms of DARR 
mixing, (3) an NCACX 3D with 45 ms of DARR mixing, and (4) a CON(CA)CX 3D with 45 ms 
DARR mixing. These peak lists were run through a homebuilt Fortran code to reformat these 
lists into selective XEASY formatted lists. For example the NCOCX 3D experiment was 
formatted into two separate lists of NiCOj and NiCOjCXj where i and j represent the ith and jth 
residue in the GB1 sequence. Similarly the NCACX 3D was formatted into four separate lists: 
(1)NiCAi, (2) COiCAi, (3) NiCAiCOi, and (4) NiCAiCXi which were input into GARANT. The 
CC 2D was input excluding carbonyl cross peaks and the CON(CA)CX was input as a 
COjNiCXi list also excluding carbonyl cross peaks in the directly detected CXi dimension. 
These eight peaks lists were used as input into the GARANT algorithm, along with the primary 
sequence of GB1, and GARANT was run 50 times to test for accuracy and convergence. A 
tolerance of 0.5 ppm was used in these runs as error allowed in chemical shifts for each atom 
type. The program GAST (GARANT AnalysiS Tool) was then used to analyze the overall 
precision and accuracy of all 50 runs of GARANT when compared to the manual assignments of 
GB1. 
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5.5 Results and Discussion 
5.5.1 Automated Chemical Shift Assignment with AutoAssign 
Currently, our implementation handles only a limited set of experimental peak lists which 
includes: (1) NCACX 3D (with 35ms DARR mixing), (2) CANcoCA 3D, and (3) CANCOCX 
4D.46,52 These peak lists represent a category IIb assignment strategy (Table 5.1) which uses a Ni-
Cαi root to create dipeptide spin systems. The implementation takes these peak lists, aligns them, 
groups peaks into dipeptide spin systems in a bottom-up strategy, and then types each ladder to 
probable amino acids using the carbon shift tuples. The implementation then simulates a set of 
Ni-Hi rooted peak lists for AutoAssign with an artificial HN shift equal to the observed CA shift 
divided by 6 (HN = CA/6). This creation of artificial HN shifts is necessary because AutoAssign 
requires Ni-Hi rooted peak lists.  We then use AutoAssign to perform the linking and mapping 
steps. From this, we have an overall 84.1% assignment of the N, CO, CA, and CB resonances 
with no errors (Figure 5.2), as compared to manually determined and verified assignments  
 
Figure 5.2 Automated resonance assignments of β1 immunoglobulin binding domain of protein G 
from the AutoAssign algorithm 
Resonances derived from intra experiments are indicated in red.  Resonances derived from sequential 
experiments are indicated in blue. 
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(BMRB entry 15156). These results demonstrate the feasibility of automating protein 
resonance assignments of MAS SSNMR spectral data. They are easily reproduced by the 
software and lack significant human subjectivity in the grouping and typing of spin systems. 
Also, the input peak lists are not perfect either, representing realistic peak lists that a 
spectroscopist used for manual assignment. There are only matching peaks to form 52 out of 56 
dipeptide spin systems and some CB peaks are simply missing. Since the CANCOCX 
experiment is a 4D experiment, the resolution of the CA dimension is very low, causing a 
matching standard deviation of ~0.5 ppm when aligned to the other two peak lists. But our 
implementation handled the missing information and resolution issues and assigned 43 out of 52 
dipeptide spin systems. There are three main reasons for these results:  (1) better dispersion with 
a Ni-Cαi root; (2) an improved bottom-up grouping algorithm that especially allows CANCOCX 
peaks to group around a common C’i-1-Ni-Cαi root before grouping with peaks from other peak 
lists; and (3) improved amino acid typing algorithms that shrank the average “possible residue 
type list” to 5.7 residues with 0.9999 confidence (normally ~8 residues with Cα/Cβ typing). We 
expect even better results once improved linking and mapping algorithms are implemented, 
allowing the development of software that will improve the quality of analysis over manual 
assignment alone. This software is available at http://bioinformatics.chem.louisville.edu.  
5.5.2 Automated Chemical Shift Assignment with GARANT 
GARANT (General Algorithm for Resonance AssignmeNT) was first used to automatically 
assign chemical shifts of solution NMR data given the primary structure of a protein and lists 
with observed cross peaks from various spectra acquired on that protein.23,24 Given knowledge of 
the magnetization transfer pathways of the NMR experiments, which are put into libraries within 
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GARANT, and expected cross peaks given the primary protein sequence resonance assignments 
of the observed cross peaks can be made. New topology maps for including SSNMR data into 
GARANT automated chemical shift assignment have been written. These experiments include: 
CC 2D with short DARR80 mixing, NCC 3Ds, and CNC 3Ds to complete the GB1 study. 
 
Figure 5.3 Comparison of chemical shifts assigned manually from Franks et al.46,52 and with the 
automated algorithm GARANT 
(a) C’, (b) CA and (c) N chemical shift comparison between Franks et al.46,52 and GARANT results for 
GB1. 
GB1 (56 residues) was used as a test case for implementing the experiment libraries for 
solid-state NMR data within the GARANT algorithm. Experimental GB1 data sets were 
manually picked and the resulting peak lists were used as input files. GARANT was run fifty 
times and assignments predicted forty out of fifty times were deemed as “converged.” The output 
of GARANT produced nearly complete assignments of all backbone resonances (15N, 13CA, and 
13C’ resonances) correctly when compared to published solid-state chemical shifts by Franks, et 
al (Figure 5.3).46,52 Figure 5.3 also contains a few backbone assignments predicted incorrectly 
from GARANT, namely K31 and Y3. These were also the difficult regions to assign manually, 
mainly the termini and the helical secondary structure element, and therefore required 
specialized experiments to confirm complete assignments even manually.46,52 In total 90.6% of 
all atoms predicted were correctly assigned with the automated algorithm. Only 25 atoms were 
predicted incorrectly and 23 atoms did not converge in the forty out of fifty confidence window 
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(i.e.- M1, Q2, Y3 and Lys CE atoms) using the GARANT algorithm. Additionally, 52 atoms 
could not be predicted from the automated routine, including aromatic side chains, Lys NZ and 
side chain carbonyl resonances. 
With this success the next step is the application of these automated methods to a larger 
protein, such as DsbA. DsbA is a 21 kDa (189 residue) E. coli disulfide bond-forming enzyme, 
for which solution and manual solid-state NMR chemical shift assignments have already been 
performed.44,81 This protein represents a new challenge with more than triple the molecular 
weight, which means dealing with increased spectral density and decreased sensitivity. More 
experiments including the CNCC 4D52, and CTUC COSY82-84, as well as other selective mixing 
schemes like SPC585 were implemented for use in GARANT. Using data sets collected on 
uniformly-13C,15N-labeled DsbA samples with the initial pass of GARANT, already 50% of the 
13C and 15N backbone resonances have been assigned correctly when compared to the chemical 
shifts published using manual assignment SSNMR methods.44 In the GARANT runs only the 
three- and four-dimensional data was used due to poor resolution among resonances in the two-
dimensional data sets. These higher dimensional data sets produced correct assignments for 
residues 2 through 20, along with other larger blocks. However, there were several places were 
discontinuities arose due to low sensitivity or missing intensity in stretches of resonances. Since 
GARANT tries to optimize the overall assignment it is likely that some good chemical shift 
assignments were disregarded in favor of using more peaks to fill in more places in the sequence. 
Further optimization of the assignment algorithms will be necessary to complete a larger portion 
of chemical shift assignments in DsbA. Perhaps including spectra of glycerol labeled samples 
could help alleviate some of the sensitivity issues. Additionally, using selective mixing schemes 
to keep one or two bond transfers could help simplify the rules for the algorithm. 
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5.6 Conclusions 
Fully automating chemical shift assignment for solid-state NMR represents a key 
development. This, as well as automating other portions of the road to solving protein structures, 
is paving the way for solid-state NMR to become an integral part of the rapid pipeline to solve de 
novo protein structures and investigate structure/function relationships, which were not possible 
with solution NMR or X-ray crystallography alone. 
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CHAPTER 6  
Selective 13C,15N Amino Acid Labeling to Obtain Mechanistic and 
Binding Information of a Large Membrane Protein Complex 
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6.2 Abstract 
We present strategies for a magic-angle spinning solid-state NMR (MAS SSNMR) study of 
the 144 kDa membrane protein, cytochrome bo3 oxidase. Auxotrophic strains of E. coli are used 
to express and prepare the samples labeled with 13C,15N at specific amino acid types. 
Multidimensional homo and heteronuclear experiments demonstrate the increased resolution 
compared to traditional uniformly-13C,15N labeled samples. The increased resolution combined 
with the clean labeling pattern makes chemical shift assignment by amino acid type, as well as 
assignment of amino acids pairs exponentially easier. These initial assignments will be utilized to 
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complete more sophisticated SSNMR experiments to site-specifically assign the chemical shifts 
of the tyrosine residue at the active site that is covalently bonded with one of the histidine 
ligands of CuB. The approach described here can be generally applied to probe the active sites of 
large membrane complexes with spectroscopic techniques such as NMR, EPR and FTIR.    
6.3 Introduction 
Solid-state nuclear magnetic resonance (SSNMR) is a powerful tool in structural investigations 
of biological macromolecules. It can be used to solve atomic-resolution structures of 
biomolecules without production of highly ordered crystals, which is often a major obstacle in 
X-ray diffraction studies of membrane proteins.1-3 Unlike solution NMR, there is no theoretical 
limit in the size of the molecule that can be analyzed by SSNMR. Thus, SSNMR has 
increasingly become a major force in structural characterization of many biological molecules, 
especially membrane proteins.  
Although SSNMR can potentially be employed to study biomolecules of any size, its 
application to large membrane protein complexes has been quite limited. Magic-angle spinning 
(MAS) SSNMR techniques have the advantage of not having to orient the sample in the 
magnetic field. This opens opportunities to study membrane proteins within their native lipid 
environment to obtain high quality spectra. The main obstacle toward structure determination 
lies in the assignment of chemical shifts, a task which becomes exponentially more challenging 
as the size of the molecule increases. Two features of membrane proteins make the analysis of 
simple one and two-dimensional experiments of uniformly-13C,15N labeled samples particularly 
difficult.  The first is their high molecular mass, and the second, the multiple transmembrane α-
helical segments resulting in resonances that fall within a narrow range of chemical shifts. These 
features create chemical shift degeneracy making assignments of membrane proteins a major 
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challenge. In recent years, several successes have been seen in partial chemical shift assignments 
of membrane proteins prepared with both uniform and selectively labeled samples. For example, 
chemical shift assignments exist for 94 residues of LH2 complex,4 almost the entire 
transmembrane section of DsbB,5 sensory rhodopsin II,6 proteorhodopsin,7 and a 160 kDa LH1 
complex.8 
In the last decade or so, a variety of selective isotope labeling approaches have been 
developed in order to simplify spectra. The strategy of reverse-labeling, in which a selected set 
of amino acid residues at natural abundance are incorporated into an otherwise uniformly-13C,15N 
labeled protein sample, has been shown to improve the NMR sensitivity and resolution.6,7 
Alternatively, amino acids can be isotopically enriched with the addition of specifically 13C-
labeled carbon sources such as glycerol, glucose or succinic acid in the expression medium.9,10 
For proteins with large molecular weights, further simplification of the spectra can be achieved 
by incorporation of isotope labels at only selected amino acid residue types.11,12 In order to 
achieve the efficient labeling of the selected residues without dilution of isotopes by endogenous 
amino acid biosyntheses and scrambling of the labels to other residue types, auxotrophic 
bacterial strains are often used as expression hosts.13-15 However, suitable auxotroph strains that 
are compatible with expression vectors and at the same time give high protein yields are often 
not available. Without auxotrophic bacterial hosts, residue specific labeling of protein samples 
for SSNMR can still be performed by addition of excess non-labeled amino acids for feedback 
inhibitions and inhibitors that block interconversion between different amino acids. Although the 
isotopic dilution and scrambling cannot be completely eliminated, labeling specificity is 
markedly improved with such an approach.16 In recent years, in vitro protein synthesis has 
advanced significantly and, accordingly, there have been numerous NMR studies on samples 
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prepared in vitro.17-19 Sample preparations by Cell-free (CF) protein synthesis have some 
advantages over in vivo biosynthesis. The open nature of the CF expression system means that 
chaperones, detergents or ligands can be conveniently added to the reaction as necessary to 
increase the yield of folded proteins. The CF system is especially suitable for producing 
cytotoxic proteins and membrane proteins since the over-expression of these proteins is normally 
toxic in the cell-based biosynthesis. This procedure has been successful for numerous membrane 
proteins, such as the organic cation and anion transporters of the SLC22 protein family,20 
bacterial light-harvesting integral membrane protein,21 MscL, a mechanosensitive ion channel,22 
small drug transporters (EmrE and SugE),23,24 TehA,23 cysteine transporter YfiK,23 and G protein 
coupled receptors.25,26 More importantly, the ability to incorporate any combination of labeled 
amino acids with very little metabolic conversion to unwanted residue types makes the CF 
protein synthesis particularly attractive in sample preparations for NMR studies. Despite these 
benefits, the CF membrane protein expression is still limited to small and medium size proteins 
with relatively simple assembly processes. For large multisubunit membrane protein complexes 
with several cofactors, such as hemes, in vivo expression in bacterial hosts such as E. coli 
remains the only option. 
In this report, we describe the preparation of selective pair-wise amino acid labeled samples 
of the 144 kDa membrane complex cytochrome bo3 ubiquinol oxidase. We then evaluate these 
labeled samples for their ability to aid the unambiguous assignment of SSNMR resonances of 
critical residues at the active site of the enzyme. Once assignments are completed key dynamic 
and mechanistic details, such as the protonation state and conformation of the amino acid side 
chains, can be investigated. Cytochrome bo3, composed of four subunits, is a member of the 
heme-copper oxidase superfamily.27 It catalyzes the four-electron reduction of molecular oxygen 
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to water using electrons from ubiquinol. By pumping protons across the membrane from the 
cytoplasm to the periplasm, cytochrome bo3 conserves much of the energy available from the 
reduction of oxygen in the form of a transmembrane electrochemical proton gradient. The overall 
reaction catalyzed by cytochrome bo3 is summarized in the equation below. 
QH2 + ½ O2 + 4 H+in → Q + H2O + 4 H+out 
The active site of cytochrome bo3 where oxygen is reduced contains a binuclear center made up 
of a high-spin heme o3 and a CuB ion. Electrons from the substrate ubiquinol are transferred to 
the active site through the QH site-bound ubiquinone and a low-spin heme b.28 Another important 
feature of cytochrome bo3 is the presence of a post-translationally modified crosslink between a 
tyrosine residue near the active site (Tyr288) and a histidine residue ligated to the CuB ion 
(His284). This unusual covalent bond connecting Tyr288 and His284 has been suggested to 
increase the electron affinity and decrease the proton affinity of the tyrosine residue.29,30 The 
analogous tyrosine residue in bovine and Paracoccus denitrificans cytochrome c oxidases have 
been shown to be involved in the reduction of oxygen at the active site by providing an electron 
and a proton during a critical reaction step.31,32 Although a crystal structure of cytochrome bo3, at 
3.5 Å resolution, is available the resolution is too low to confirm the presence of this functionally 
important Tyr-His crosslink33 (Figure 6.1). SSNMR has the potential to decipher the missing 
pieces of information, as well as provide additional mechanistic information such as the 
protonation state and side-chain conformation of key residues throughout the protein. We have 
previously reported the preparation of uniformly-13C,15N labeled cytochrome bo3 samples in fully 
functional form and demonstrated that SSNMR results from these samples are consistent with 
the secondary structures reported by crystallography.34 In order to assign resonances at the active 
site of such a large complex, dramatic simplification of the spectra by the use of amino acid 
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selective labeling is required. Therefore, strategic design of SSNMR experiments involving three 
13C,15N selectively labeled cytochrome bo3 samples, in which Ile/Leu, Ile/Tyr and His/Tyr amino  
 
Figure 6.1 Cytochrome bo3 oxidase structural questions. 
The X-ray crystal structure of cytochrome bo3 from E. coli.33 (a) A cartoon representation of the four 
subunits of cytochrome bo3 with heme b, heme o3 and CuB. (b) The residues near the CuB site. His333, 
His334 and His284 are ligands to CuB. Note that the proposed cross-link between His284 and Tyr288, 
which is immediately followed by a unique quartet of ILIL. All residues shown are from subunit I. 
acid pairs were isotopically enriched using C43(DE3) auxotroph strains were newly constructed 
in this work. These pairs of amino acids were chosen for selective labeling because the Tyr288 
residue at the active site is immediately followed by an ILIL sequence, giving rise to a YIL 
triplet and an ILIL quartet, which are unique to this protein (Figure 6.1b).  
In order to unambiguously assign these residues, an initial analysis of the final labeling 
pattern, as well as the sensitivity and resolution of the resulting SSNMR spectra from these 
samples were required. Indeed, each pair-wise labeled sample demonstrated vast improvement, 
both in resolution and in sensitivity over the uniformly-13C,15N labeled sample. The SSNMR 
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analysis of these spectra demonstrates that the preparations result in clean labeling with minimal 
to no 13C or 15N scrambling. The resolution enhancements gained through this pair-wise labeling 
strategy will allow for unambiguous site-specific assignments of the key residues in the active 
site, leading to the chemical shift assignment of the 288Tyr-284His crosslink. This strategy will be 
of general value in the preparation of protein samples for SSNMR studies, particularly for 
membrane proteins and membrane protein complexes. 
6.4 Materials and Methods 
6.4.1 Materials 
All the amino acid isotopes used in this study were purchased from Cambridge Isotope 
Laboratories (Andover, MA). n-dodecyl β-D-maltoside (DDM) and isopropyl β-D-
thiogalactopyranoside (IPTG) were bought from Anatrace (Maumee, OH). Oligonucleotide 
primers were ordered from Integrated DNA Technologies (Coralville, IA). Other chemicals used 
in the bacterial growth and sample buffer were from Sigma-Aldrich (St. Louis, MO). 
6.4.2 Construction of C43 (DE3) E. coli Auxotrophs 
Each target gene was deleted from the chromosome of C43 (DE3) E. coli strain using λ-Red 
recombination system.35 The procedure utilizes a linear double stranded DNA generated by PCR 
to contain an antibiotic resistance marker flanked by about 45 bp sequences homologous to the 
upstream and downstream regions of the target gene. The DNA was then transformed into E. coli 
cells expressing λ-Red recombinase from pKD46. The knock-out strain that has undergone 
cross-over can then be readily selected by the resistance marker. Our first target gene was ilvE, 
whose product is the branched-chain amino-acid aminotransferase: its deletion would give rise to 
an isoleucine auxotroph.15 We found that unlike E. coli K-12 strain, the efficiency of the 
homologous recombination by λ-Red recombinase in the C43 (DE3) strain was not good enough 
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to reliably delete the target gene if only 45 bp long homologous regions were used. Thus, we 
generated the linear double-stranded DNA with approximately 500 bp long upstream and  
 
Figure 6.2 Scheme for auxotroph production. 
Schematic diagram showing the deletion of a chromosomal gene with the λ-Red recombination system. 
Step 1 – Approximately 500 bp long upstream and downstream regions of the target gene were amplified 
from the E. coli chromosome by PCR. Note that each product has an overlap (black) with the resistance 
cassette. Step 2 – The linear double-stranded DNA was generated by PCR using the two DNA products 
from step 1 and the resistance cassette. Step 3 – The linear DNA was transformed into cells expressing λ-
Red recombination system from pKD46. The new knock-out strain was selected used its resistance 
marker. Step 4 – If necessary, the resistance cassette was removed by FLP recombinase expressed from 
pCP20 vector.35 
downstream homologous regions flanking a resistance cassette by PCR as previously 
described36,37 (Figure 6.2). Using the longer homologous regions dramatically improved the 
recombination rate. After each knock-out strain was selected by the resistance cassette, the 
deletion was confirmed by analyzing the DNA segment amplified from the target region of the 
chromosome, and if possible, also by the requirement of an amino acid for growth in minimal 
medium. A extremely convenient feature incorporated by Datsenko and Wanner35 was that the 
antibiotic cassettes were bordered by FLP recognition tags (FRT), which allowed us to remove 
the cassettes and reuse the same markers for subsequent deletion of different targets (Figure 6.2). 
Of the four transaminases present in E. coli namely ilvE, avtA, aspC and tyrB, we were able to 
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knock out ilvE, avtA and aspC. In addition, we also deleted hisG to obtain a histidine auxotroph. 
Table 6.1 summarizes the newly constructed C43 (DE3) auxotroph strains used in this study 
along with their properties.  
13C,15N labeled 
residue types 
Auxotroph strains 
(genes deleted) 
Amino acids added per liter of 
minimal medium[a] 
Culture amounts in liters and 
protein yields in milligrams 
Ile, Leu ML6[b] 
(ilvE, avtA) 
75 mg 13C,15N-Ile,                 
75 mg 13C,15N-Leu,                
35 mg Val, 180 mg Tyr 
4 L, 20 mg 
Ile, Tyr ML22[b] 
(ilvE, avtA, aspC, 
hisG) 
50 mg 13C,15N-Ile,                 
80 mg 13C,15N-Tyr,                
40 mg Leu, 35 mg Val, 50 mg 
Phe, 40 mg Asp, 16 mg His 
3 L, 25 mg 
Tyr, His ML22[b] 
(ilvE, avtA, aspC, 
hisG) 
80 mg 13C,15N-Tyr,                
16 mg 13C,15N-His,                
40 mg Ile, 40 mg Leu, 35 mg 
Val, 50 mg Phe, 40 mg Asp 
3 L, 27 mg 
[a] Unless otherwise noted, added amino acids were of natural abundance isotopes. 
[b] ML6 requires Ile and Val, and ML22 requires Ile, Val and His for growth. In the presence of ~ 0.5 
mM Tyr, both strains require Leu. 
Table 6.1 Sample preparation for cytochrome bo3 amino acid pairs labeled samples 
Amino acids added to the minimal medium for isotopic labeling of cytochrome bo3 at selected amino acid 
residue types. 
Although attempts to remove tyrB gene from the E. coli chromosome were unsuccessful, we 
were able to repress its transcription by the addition of L-tyrosine in the medium as previously 
reported.38 Essentially, the new auxotrophs reported here can be used to selectively label Ile, Leu, 
Val, Tyr and His without complications from transaminases. 
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6.4.3 Expression of Amino Acid Specific Isotope Labeled Cytochrome bo3 Samples 
Cytochrome bo3 enzymes were expressed from the inducible pET17b vector using an M63 
minimal medium as previously reported.34 Each liter of minimal medium contained 3 g KH2PO4, 
7 g K2HPO4, 2 g glucose, 2 g NH4Cl, 10 mg thiamine, 100 mg ampicillin, 50 mg kanamycin, 10 
μM CuSO4, 30 μM FeSO4 and 1 mM MgSO4. Table 6.1 lists the C43 (DE3) auxotrophs used for 
the protein expression along with the amino acids supplemented in the minimal growth medium. 
For each sample, a 2 mL LB culture was grown from a glycerol stock for 10 h. 20 µL of the LB 
culture was then transferred to 10 mL M63 minimal medium with additional amino acids, as 
listed in Table 6.1. After about 12 h of growth, the culture was then enlarged to the final volume 
(either 3 L or 4 L). When the cell density reached an OD600 of ~ 0.6, 0.5 mM IPTG was 
introduced into the culture, which was then harvested 4–6 h later. For the Ile, Tyr labeled and 
Tyr, His labeled samples, we reduced the culture volume in each 2L-flask from 1 L to 0.3 L and 
increased the duration of induction from 4 h to 6 h. The 6xhistidine-tagged cytochrome bo3 was 
purified from the E. coli membranes solubilized with 1 % DDM as previously reported using Ni-
NTA affinity chromatography.34 These changes resulted in significantly higher yields of the 
enzymes (Table 6.1). 
6.4.4 Preparation of Cytochrome bo3 Samples for Solid-state NMR 
The purified samples contained about 0.05 – 0.1 % DDM which was removed by dialysis 
with 4 L 25 mM Tris-HCl pH 8 solution for 3 days. The detergent-depleted samples were then 
pelleted in an ultracentrifuge at 180,000 x g for 12–16 h and then transferred into 3.2 mm 
diameter thin wall solid-state NMR rotors with a microspatula. 
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6.4.5 Solid-state NMR Related Methods 
All 1D and CC 2D experiments were performed on a 14.1 Tesla (600 MHz 1H frequency) 
Varian Infinity Plus spectrometer equipped with Varian T3 1H-13C-15N 3.2-mm probe. The NCC 
and CNC experiments were performed on an 11.7 Tesla (500 MHz 1H frequency) Varian Infinity 
Plus spectrometer and a 17.6 Tesla (750 MHz 1H frequency) Varian Unity Inova spectrometer 
equipped with Varian BalunTM 1H-13C-15N 3.2-mm probes. Samples were packed into 3.2-mm 
rotors thin wall rotors. All 1D and CC 2D data sets were acquired at -20.4 ± 0.5 °C actual sample 
temperature with 100 scfh flow (determined by ethylene glycol calibration).39 The NCC and 
CNC experiments were acquired with the variable temperature gas maintained at -50 °C on the 
500 MHz spectrometer and -45 °C on the 750 MHz spectrometer with 100 scfh flow. All 
experiments utilized tangent ramped cross polarization40 with  SPINAL41 1H decoupling applied 
during acquisition and evolution periods on average at ~70 kHz. For 2D 15N-13C-13C and 13C-15N-
13C correlation experiments, band-selective SPECIFIC CP42 was used for polarization transfer 
between 15N and 13C with TPPM43 decoupling of the protons applied during acquisition and 
evolution periods at ~70 kHz. Hard π/2 pulse widths were typically 2.5 µs for 1H and 13C. The 
typical spinning speeds are 10~13.3 kHz. Spectra were processed with nmrPipe,44 employing 
zero filling and Lorentzian-to-Gaussian line broadening for each dimension before Fourier 
transformation. Back linear prediction and polynomial baseline correction were applied to the 
frequency domain in the direct dimension. Chemical shifts were referenced externally with 
adamantane (assuming the downfield peak to resonate at 40.48 ppm).45 Additional experimental 
details are listed in the figure captions. Peak picking and assignments were performed with 
Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco). 
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6.5 Results and Discussion 
6.5.1 Construction and Use of Auxotroph C43(DE3) E. coli Strains 
The availability of the genome sequence of E. coli BL21(DE3) (kindly provided by Dr. 
Jihyun F. Kim from the Systems Microbiology Research Center, KRIBB, Daejeon 305-806, 
South Korea) has allowed us to rapidly construct amino acid auxotrophs of C43(DE3) strains 
using the highly efficient λ-Red recombination system.35 Of the amino acids chosen for isotope 
labeling in this study, Ile, Leu, and Tyr have biosynthetic pathways involving transaminases, 
which are known to be responsible for scrambling of isotope labels intended for single residue 
types. These transaminases are encoded by the ilvE, avtA, aspC and tyrB genes (reviewed by 
Waugh, 1996).15 Deletion of ilvE, avtA and aspC genes from the C43(DE3) chromosome resulted 
in an auxotroph for Ile and Val. To extend the auxotroph to include Leu, the tyrB locus also 
needed to be inactivated. Multiple attempts to replace the tyrB region with an antibiotic 
resistance cassette were not successful, for reasons that are not clear. However, the expression of 
tyrB can be repressed by the presence of L-tyrosine or L-phenylalanine in the growth medium.38 
Hence, in the presence of L-tyrosine, ML6 and ML22 auxotroph strains in Table 6.1 behave like 
Leu auxotrophs, allowing us to selectively label pairs of amino acids for SSNMR experiments 
(Table 6.1). 
The lack of transaminase activities in the auxotroph strains increased the doubling time of the 
E. coli culture in the minimal medium by a factor of 1-1.5. However, this had only minor effects 
on the expression level of cytochrome bo3, and we were able to enhance the yield to 5-9 mg per 
liter of media by slight modifications of the growth protocol, such as reducing the volume of the 
medium for higher aeration and increasing the duration of induction by IPTG. The cytochrome 
bo3 purified from these auxotrophs have ubiquinol oxidase activities and UV-Vis absorption 
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spectra identical to the unlabeled samples prepared from the parent C43(DE3) strain, indicating 
that the assembly of functional cytochrome bo3 complex was not perturbed. 
6.5.2 Magic-angle Spinning Solid-state NMR Analysis of Pair-wise Labeled bo3 Samples 
Three samples of functional cytochrome bo3 oxidase were prepared including: (1) U-
13C,15N-Ile, Leu-labeled bo3 (IL-bo3), (2) U-13C,15N-Ile, Tyr-labeled bo3 (IY-bo3), and (3) U-
13C,15N-His, Tyr-labeled bo3 (HY-bo3) (Table 6.1). The spectra collected from these samples 
were compared to those of the uniformly-13C,15N labeled bo3 (U-bo3) sample, described in 
previous work.34 We used 13C one-dimensional (1D) spectra to assess overall sensitivity, 
resolution, and sample integrity (Figure 6.3). These 13C 1D spectra were acquired at a sample 
temperature of -20.4˚C, just below the lipid phase transition for optimal cross polarization (CP)  
 
Figure 6.3 13C 1D solid-state NMR spectra of varying labeling patterns. 
13C 1D spectra of (a) U-bo3 (1024 scans), (b) IL-bo3 (2048 scans), (c) IY-bo3 (2048 scans), and (d) HY-
bo3 (4096 scans) acquired on a 600 MHz spectrometer (1H frequency) under 12.5 kHz magic-angle 
spinning. Asterisks denote spinning sidebands. 
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transfer and resolution. To quantify the amount of isotopically labeled material in the MAS 
SSNMR rotor we performed 13C direct polarization (DP) experiments for each sample. Integrated 
intensities from the DP spectra were compared to signal intensity obtained from a DP experiment 
performed on a known amount of 13C material of adamantane. Direct comparisons can not be 
made in this case since in the pair-wise labeled samples only 17.6% (IL-bo3), 11.3% (IY-bo3), 
and 6.4% (HY-bo3) of the residues are 13C,15N-labeled, compared to the U-bo3 sample. Thus, out 
of the 1,298 residues (1,291 residues and 6xHis-tag) in bo3 108 Ile, 119 Leu, 38 Tyr, and 52 His 
residues are present in the sequence. Through explicit calculation of DP signal intensities per 13C 
label expected for each sample, relative to known standards, it was concluded that the U-bo3, IL-
bo3, IY-bo3, and HY-bo3 contain 11.0, 9.7, 9.5, and 11.1 mg of protein in each 3.2-mm thin wall 
MAS rotor, respectively. Additionally, the 13C CP spectra (Figure 6.3) demonstrate known 
chemical shift patterns for Ile, Leu, Tyr, and His (according to statistics available at the 
BioMagResBank, http://www.bmrb.wisc.edu). The resolution compared to the uniformly labeled 
sample (Figure 6.3) is greatly enhanced.  
Following 13C 1D experiments, we quantified the 15N labeling. Chemical shifts of 15N 
have a large dispersion due to sensitivity to the local interactions, including such factors as 
protonation, hydrogen-bonding and dynamics, especially for His sidechains. The 15N 1D spectra 
of the pair-wise labeled samples (Figure 6.4b-d) show little to no 15N scrambling to unwanted 
amino acid types. The 15N 1D of the U-bo3 sample (Figure 6.4a) contains amide nitrogen 
resonances between 100 and 135 ppm, which is consistent with the range of amino acids in the 
sample. Additionally, the U- bo3 spectrum demonstrates intensities for 15N side-chain resonances, 
such as His 15Nδ/ε (~165 ppm), Arg 15Nε (~85 ppm), Arg 15Nη (~70 ppm), and Lys 15Nζ (~35 
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ppm). In contrast, the IL-bo3 spectrum (Figure 6.4b) has no observable intensity at these side-
chain resonances. Therefore, we can conclude that these amino acids are not isotopically labeled. 
  
Figure 6.4 15N 1D solid-state NMR spectra of varying labeling patterns. 
15N 1D spectra of (a) U-bo3 (2048 scans), (b) IL-bo3 (40960 scans), (c) IY-bo3 (49152 scans), and (d) HY-
bo3 (106496 scans) acquired on a 600 MHz spectrometer (1H frequency). 
However, in the IY-bo3 spectrum (Figure 6.4c) small intensities are present at ~70 ppm and ~35 
ppm, consistent with Arg and Lys side-chain resonances. Since we do not expect these amino 
acids to be labeled, evaluation of these signal intensities in comparison to the amide region were 
performed for the U-bo3, IY-bo3, and HY-bo3 spectra. Integrated intensities of each region 
(amide, His, Arg, and Lys side-chain) were assessed, taking into account the number of expected 
isotopically labeled residues for each region. For example, for the HY-bo3 spectrum (Figure 
6.4d) we expect to see 15N side-chain intensity at ~165 ppm (His 15Nδ and 15Nε resonances). We 
then compare the ratio of side-chain:amide intensities by taking the 15N signal intensity per 
expected 15N label in the His side-chain region (i.e.- 104, since there are two 15N resonances for 
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each of the 52 His residues) and divide by the 15N signal intensity per residue in the amide region 
(i.e.- 90, since there are 52 His and 38 Tyr residues). Thus, we obtain a 0.38 ± 0.09 and 0.43 ± 
0.07 ratio for the H,Y-bo3 and U-bo3 sample, respectively. The similar ratios for the His Nδ/ε 
region of the U-bo3 and HY- bo3 spectra suggests that we are observing signal intensity for the 
side-chain region from only 15N labeled sites. The ratios for the Arg and Lys sidechain sites, 
which should not be 15N labeled, in the IY-bo3 (Figure 6.4c) and HY-bo3 (Figure 6.4d) samples 
(Arg Nη: 0.02 ± 0.16, 0.02 ± 0.09; Lys Nζ: 0.001 ± 0.11, 0.001 ± 0.06) are an order of 
magnitude less than the ratio observed for the U-bo3 sample (Arg Nη: 0.78 ± 0.06; Lys Nζ: 0.10 
± 0.01). Evaluation of these side-chain signal intensities in comparison to the amide region 
indicate that the unintended incorporation of the 15N isotope represented less than 3% of the 
overall population. This is consistent with the lack of scrambling we observed in the 15N-13C 2D 
experiments described below. 
 To further evaluate the labeling pattern and the improvements to spectral resolution of the 
pair-wise labeled bo3 samples, 13C-13C 2D correlation experiments were acquired with 50 ms of 
DARR (dipolar-assisted rotational resonance) mixing46 to observe intraresidue (methyl, aliphatic, 
carbonyl, and aromatic chemical shift) correlations for each spin system. The aliphatic regions of 
IL-bo3 and IY-bo3 have resonances that show clean Ile spin system labeling (13Cα~66 ppm, 
13Cβ~39 ppm, 13Cγ1~28 ppm, 13Cγ2~18 ppm, 13Cδ1~14 ppm) (Figure 6.5a-b). Similarly, clean 
Tyr spin systems (13Cγ~130 ppm, 13Cδ~133 ppm 13Cε~118 ppm, 13Cζ~158 ppm) can be identified 
in the aromatic regions of both the IY-bo3 and HY-bo3 spectra (Figure 6.5d-e). Notably Cα-Cα 
correlations between adjacent Ile and Leu pairs are also visible in the IL-bo3 spectrum (Figure 
6.5a). The significant chemical shift dispersions of Ile and His indicate that those residues have 
subtle differences in the side chain conformations, which can be observed under the improved 
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Figure 6.5 13C-13C 2D solid-state NMR spectra of varying labeling patterns. 
13C-13C 2D expansions of the (a) aliphatic region of IL-bo3, (b) aliphatic and (c) aromatic region of IY-
bo3, (d) aliphatic and (e) aromatic region of HY-bo3, collected on a 600 MHz spectrometer (1H frequency) 
with 50 ms DARR mixing. Data were acquired for 160, 96 and 120 hrs for the IL-, IY-, and HY-bo3 
samples, respectively, and processed with 40 Hz (F1) and 40 Hz (F2) net Gaussian-to-Lorentzian line 
broadening. Dashed lines highlight the spin systems of residues in common between the samples (Ile and 
Tyr). 
resolution from the selectively labeled samples. The individual His Cα and Cβ linewidths are 
approximately 0.4 ppm, indicating a homogeneous sample preparation similar to the U-bo3 
sample (Figure 6.5d).  
Heteronuclear backbone correlation experiments for chemical shift assignments also 
benefit from selective isotope labeling. Intraresidue N(CA)CX 2D experiments were performed 
on the IL-bo3 and IY-bo3 samples (Figure 6.6). These experiments again confirmed the clean 
labeling pattern and demonstrated the good amide 15N dispersion within each amino acid type. 
Interresidue N(CO)CX correlation experiments were also performed on the IL-bo3 and IY-bo3  
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Figure 6.6 Intraresidue 15N-13C 2D solid-state NMR spectra. 
15N-(13CA)-13CX 2D spectrum of (a) IL-bo3 collected on a 750 MHz spectrometer (1H frequency) with 40 
ms DARR mixing for 77 hrs, processed with 50 Hz (F1, 15N) and 25 Hz (F2, 13C) net line broadening and 
(b) IY-bo3 collected on a 750 MHz spectrometer (1H frequency) with 50 ms DARR mixing for 91 hrs, 
processed with 45 Hz (F1, 15N) and 20 Hz (F2, 13C) net line broadening. 
samples (Figure 6.7) in order to assign pairs of labeled amino acids (i.e.- IL, II, LL, IY or YY 
pairs). These 2D data sets were acquired with short, 30 ms for the IL-bo3 and 50 ms IY-bo3, 
DARR46 mixing. Correlations in this spectrum are assumed to be from resonances where both the 
i-1 carbonyl site is 13C-labeled and the i residue is 15N-labeled. There are 19 interresidue 
correlations expected (11 I-I, 1 Y-Y, 4 I-Y, and 3 Y-I) in the IY-bo3 spectrum, and 19 
correlations are observed. The high level of 15N dispersion for these amino acids means that 
nearly every pair can be resolved in these two dimensions, whereas 3D or 4D experiments would 
be required for a U-bo3 sample. In the IL-bo3 sample, there are 48 expected pairs (including 11 I-
I, 7 L-L, 17 I-L, and 13 L-I) but 73 labeled pairs are observed. We attribute the additional signals  
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Figure 6.7 Interresidue 15N-13C 2D solid-state NMR spectra. 
15N-(13CO)-13CX 2D spectra of (a) IL-bo3 collected on a 500 MHz spectrometer (1H frequency) with 30 
ms DARR mixing for 35 hrs, processed with 20 Hz (F1, 15N) and 15 Hz (F2, 13C) net Gaussian-to-
Lorentzian line broadening and (b) IY-bo3 collected on a 750 MHz spectrometer (1H frequency) with 50 
ms DARR mixing for 75 hrs, processed with 35 Hz (F1, 15N) and 20 Hz (F2, 13C) net Gaussian-to-
Lorentzian line broadening. 
to intraresidue polarization transfer peaks that are observed as a consequence of the higher 
sensitivity of data collection in this case. 
6.6 Conclusions 
Amino-acid selective isotopic labeling of proteins is a well-known approach to achieve 
simplified experimental data or directly address specific mechanistic questions. Hence, selective 
labeling is applied in a number of spectroscopic techniques such as NMR, electron paramagnetic 
resonance (EPR) and Fourier transform infrared (FTIR) spectroscopy. Although in vitro or Cell-
free protein synthesis has advanced tremendously in recent years and have been extremely useful 
in the preparation of selectively isotopic labeled proteins, in vivo expression from bacterial hosts 
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remains the optimal approach to obtain large multisubunit membrane protein complexes with 
heme cofactors such as cytochrome bo3. The use of appropriate auxotroph strains is highly 
desirable for the preparation of selectively labeled protein samples to prevent scrambling and 
dilution of isotope labels. Although auxotroph strains are generally available, most are not 
suitable for the over-expression of membrane proteins. As more genomic sequences become 
available, genetic engineering tools can be applied to a wide range of organisms to rapidly 
construct auxotroph versions of strains optimized for protein over-expression as well as selective 
isotope labeling.  
It was previously reported that overproduction of the 6xHis-tagged cytochrome bo3 has been 
optimized by using E. coli C43(DE3) as the host strain47,48 and 5-7 mg of cytochrome bo3 per liter 
of culture has been reliably obtained using such an approach. Thus, our best option for amino 
acid selective isotope labeling of cytochrome bo3 is to use auxotroph versions of C43(DE3), 
which minimize the biosynthetic conversion of isotopes into unwanted residue types. The 
availability of the genome sequence of E. coli BL21(DE3) has allowed us to rapidly construct the 
required C43(DE3) auxotroph strains using the highly efficient λ-Red recombination system.35-37 
Using the same genetic engineering approach described in this study, we have created and 
applied arginine, histidine and glutamine auxotrophs to introduce 15N isotope at specific sites of 
residues believed to be involved in the stabilization of semiquinone radical at the QH site of 
cytochrome bo3.49 Selective isotope labeling of arginine and histidine using respective 
auxotrophs is relatively straightforward since these amino acids are not substrates to 
transaminases. On the other hand, isoleucine, leucine and tyrosine targeted for selective labeling 
in this study are involved in the biological pathways of transaminases expressed by ilvE, avtA, 
aspC and tyrB. Therefore, we constructed and subsequently used the new transaminase-deficient 
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C43(DE3) auxotrophs to prepare three 13C,15N selectively labeled cytochrome bo3 samples for 
SSNMR experiments. We have previously demonstrated that the procedure used to remove 
detergent from purified cytochrome bo3 yields intact complex that retains native lipids, hemes 
and ubiquinone.34 Similarly, the spectroscopic analysis indicates that the selectively labeled 
cytochrome bo3 samples prepared in this study, 13C,15N-Ile,Leu-bo3 (IL-bo3), 13C,15N-Ile,Tyr-bo3 
(IY-bo3), and 13C,15N-His,Tyr-bo3 (HY-bo3), are appropriate for structural and mechanistic 
investigations by SSNMR. 
Through the use of one and two-dimensional spectra the overall increase in resolution and 
sensitivity gained with using the pair-wise labeled samples has been demonstrated. The increased 
resolution in the 13C and 15N spectra combined with the clean labeling pattern will expedite 
resonance assignments of the active site residues through the use cleanly resolved two and three 
dimensional intra- and interresidue MAS SSNMR experiments. The labeling precision and 
absence of scrambling will be extremely important when analyzing heteronuclear 
multidimensional experiments to accurately assign correlations for labeled amino acids. Not only 
the overall resolution enhancement, but also the superior chemical shift dispersion, despite the 
helical nature of this protein, are observed in the 2D spectra to show great promise for further 
chemical shift assignments, as well as functional studies via SSNMR.  
The CC (Figure 6.5), N(CA)CX (Figure 6.6), and N(CO)CX (Figure 6.7) 2D experiments 
can be used to initiate confident site-specific de novo chemical shift assignment. Since we have 
confirmed the labeling pattern, it can be concluded that for CA resonances any correlation 
observed above ~64 ppm in the 13C dimension can be identified as an Ile residue, and anything 
below ~61 ppm can be typed immediately as a Leu residue. In the case where the CA chemical 
shift is between 64 and 61 ppm, the CB chemical shifts (from either the CC 2D or the CB region 
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of the N(CA)CX 2D) can be used to confirm the identity of the amino acid type. Following this 
identification the 15N chemical shift can be found in the N(CO)CX 3D to see if a peak is present 
to identify if the i-1 residue is labeled and again assign the amino acid by type. Now that the 
pairs are identified further analyses to triplets, and eventually to the ILIL quartet can be achieved 
site-specifically. 
The goal of this study was to develop an effective labeling method to obtain structural 
and mechanistic details on the post-translationally modified Tyr-His crosslink at the active site of 
cytochrome bo3, a feature, which is conserved in the heme-copper superfamily of oxidases. We 
have constructed E. coli C43(DE3) auxotrophs deficient in transaminase activities, and used 
these strains to prepare three amino acid pair-wise selectively labeled cytochrome bo3 samples 
for SSNMR. These samples were designed to identify SSNMR resonances of the cross-linked 
Tyr288 and His284 residues, as well as to increase resolution and sensitivity for further SSNMR 
experiments. In addition, these particular samples have the potential to reveal other important 
aspects of cytochrome bo3, such as CuB ligands (His333 and His334) and residues at the QH 
ubiquinone binding site (Tyr97, His98 and His99). Pair-wise labeling with E.coli C43(DE3) 
auxotrophs proves to be a useful strategy for identification of key amino acids in membrane 
protein complex by SSNMR. 
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CHAPTER 7  
Conclusions and Outlook 
7.1 Conclusions 
7.1.1 The 41 kDa DsbA/DsbB Complex 
The DsbA/DsbB E. coli system is the main system that creates de novo disulfide bonds in 
target proteins in the periplasm. Although this system has been studied heavily in the past, there 
are still remaining questions regarding the mechanistic details. In order to elucidate functional 
and mechanistic information, many structural studies have been completed. There have been 
several different crystal structures of the transient covalent DsbA/DsbB complex, but the 
resolution still remains at 3.7 Å at best.1-3 In addition to the moderate resolution, there is 
especially poor electron density at the interface of the DsbA and DsbB protein. The interfacial 
region between DsbA and DsbB holds the key to many mechanistic details regarding the 
specificity, stability of certain intermediate states and insights into whether the disulfide 
rearrangement occurs in a concerted manner, which has been hypothesized.4 The structure and 
dynamics can be uniquely accessed used solid-state NMR investigations.  
Although uniformly-13C,15N -labeled DsbA in complex with natural abundance DsbB has 
provided a wealth of information, as described in Chapter 4, analyzing experiments of uniformly 
labeled samples is still very time consuming. Automation of assignment and other analysis steps 
has great potential. In addition, using selectively labeled protein data analysis would greatly 
simplify and accelerate the data analysis process. There are several ways the samples could be 
prepared to probe the interface between the two proteins. First, DsbB could be labeled using the 
13C selective glycerol labeling scheme5 and DsbA could be uniformly-15N labeled. 15N labeling 
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DsbA would be chosen for optimal resolution, since the nitrogen dispersion in DsbB is 
suboptimal given its entirely helical secondary structure. Additionally, the best choice for 
labeling of DsbB would likely be a 1,3-13C-glycerol where mostly carbonyl and methyl atoms 
receive the 13C isotopes. Carbonyl and methyl sites together would enable confirmation of key 
assignments in DsbB. This would be followed by confirmation of sequential assignments using 
the methyl atoms. Additionally, the methyls would be the most likely to be in close helical 
contact with each other. The methyls could also have close contacts from the loops of DsbB with 
sections of DsbA. These heteronuclear (13C-DsbB, 15N-DsbA) distances could be collected with  
 
Figure 7.1 Selective amino acid labeling for DsbA/DsbB complex. 
VMD representation of the location of all the His and Tyr amino acids in DsbA (red ball-and-stick on 
blue cartoon structure) and the Ile and Leu amino acids in DsbB (blue ball-and-stick on red cartoon 
structure). 
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SSNMR experiments, such as Z-filtered TEDOR to collect multiple quantitative distances in one 
three-dimensional experiment.6 
A second way to prepare samples to investigate the DsbA/DsbB interface would be to utilize 
the selective amino acid type labeling by expression in auxotropic E. coli strains (Chapter 6). 
There are currently twelve strains developed that will allow the creation of complementary 
samples to the uniform preparations already made.  For example, using these strains will allow 
for a sample where DsbA has His and Tyr residues uniformly-15N,13C labeled and DsbB has Ile, 
and Leu residues 15N and 13C labeled to be prepared (Figure 7.1). This labeling would provide 
NMR active nuclei sites throughout the two proteins and in the active site of DsbA (His 32), 
which should be in close contact with loops of DsbB that are completely missing in the existing 
crystal structures (Leu 96, Leu 114, Leu 116, Leu 138, and Leu 140; and Leu 37, Leu 38) and 
close to the ubiquinone-8 which forms a charge-transfer complex with Cys 44 of DsbB (Leu 43 
and Ile 45).7,8 This type of labeling scheme could be used to collect distance restraints near the 
active sites for both DsbA and DsbB and help determine how they interact when in complex with 
ubquinone bound. A wide variety of experiments could be utilized to collect these distance 
restraints, including simple CC and NC two-dimensional experiments by comparing short and 
long mixing times to identify intra and inter-residue correlations. 
7.1.2 The 144 kDa Cytochrome bo3 Ubiquinol Oxidase 
We have now demonstrated the greatly enhanced sensitivity and resolution that can be 
accomplished with extremely large proteins using clean amino acid type labeling with 
auxotrophic E. coli strains for protein expression. We were able to make three samples for 
SSNMR investigations: (1) U-13C,15N-Ile, Leu-cytochrome bo3, (2) U-13C,15N-Ile, Tyr-
cytochrome bo3, and (3) U-13C,15N-His, Tyr-cytochrome bo3. These three samples have led to 
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preliminary chemical shift assignments of pairs and triplets of labeled amino acids. With further 
analysis and acquisition of a few more experiments to probe interresidue correlations (either 
NCOCX or CAN(co)CX/CON(ca)CX two-dimensional experiments) the 288YILIL stretch close 
to the active site of bo3 could be unambiguously identified.  
Additionally, the U-13C,15N-His, Tyr-cytochrome bo3 could provide insights into the histidine 
CuB ligands (333His-334His of subunit I)9 and residues in the ubiquinone binding pocket (99His-
98His-97Tyr of subunit I)10 in addition to the 284His-288Tyr (subunit I) cross link.11,12 
The chemical shifts of the residues in the CuB and ubiquinone binding pocket would be 
inherently interesting in their own. These could give details on the local secondary structure and 
chemical environment. Additionally, we can verify the 284His-288Tyr cross link by performing 
several long-range distance experiments on the U-13C, 15N-His, Tyr labeled cytochrome bo3 
oxidase sample. For example, DARR13 13C-13C and Z-filtered TEDOR6 15N-13C mixing 
experiments could provide correlations for atoms as far as 6-8 Å apart.14-16 Cross linking would 
greatly perturb the His and Tyr chemical shifts, allowing straightforward identification of these 
resonances in the spectra and provide details on the local environment of these residues. 
Finally, there now exists a library of different auxotrophic strains that could be utilized to 
study many other detailed mechanistic questions that are left unanswered, including the 
protonation and pKa values of key residues in the proton channels. 
7.2 Outlook 
7.2.1 Further Challenges Facing SSNMR Membrane Protein Studies 
Although many new technologies have been developed that have increased the resolution and 
sensitivity of SSNMR experiments, further advancements would make studying large proteins 
more tractable. Currently, the greatest challenge in SSNMR still lies with sensitivity and 
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resolution. However, handling the large amounts of data for chemical shift assignments and 
collecting distance restraints that come with studying large proteins are becoming road blocks 
toward solving de novo structures.  
7.2.2 Enhancing Sensitivity of SSNMR Experiments 
The current state of the art still requires many days of data acquisition for single experiments 
to obtain adequate signal-to-noise for de novo chemical shift assignment procedures to be 
successful. One of the best ways to obtain adequate resolution is to go to multiple dimensions (as 
was done in the DsbA study)17 However, with many large proteins these experiments are not 
practical due to the low transfer efficiencies of the heteronuclear cross-polarization conditions 
and the limitation of how much isotopically labeled sample that can fit into the magic-angle 
spinning rotor. 
One new technology that can be readily applied to this problem is proton detection 
SSNMR.18-23 This method has now been demonstrated to increase the sensitivity by two to three 
times compared to similar carbon detected experiments.23 It has also been shown that fully 
protonated samples can be used to complete chemical shift assignments, similar to experiments 
used in solution NMR.21 However, using deuterated protein samples shows an even greater 
enhancement in resolution and sensitivity. This technique shows great promise for application to 
membrane proteins where the sensitivity issue is a current major limitation for studying these 
systems in SSNMR. 
7.2.3 Optimizing Data Analysis Tools for SSNMR 
Solution NMR has had many successes solving, not only membrane proteins, but de novo 
structures of many biomolecules. Much of this success relies heavily on the automated routines 
utilized throughout the process. These can include automated calibration routines during data 
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collection, automated peak picking and chemical shift assignment, to assigning distance 
restraints and structure calculation routines. Many of these types of algorithms remain to be 
developed. These tools would accelerate data analysis, potentially by many orders of magnitude. 
It would also open up the range of problems that could be reasonably studied with SSNMR.  
For example, if it currently takes more than a year to assign a protein in the 20 to 30 kDa, 
range then proteins over this size (which include many membrane proteins) quickly become 
intractable to study for many research groups. However, if the chemical shift assignment process 
was cut by orders of magnitude, from years and months to days or weeks, than this would get 
many projects over the hurdle of chemical shift assignments and onto working on further 
functional, mechanistic and structural studies of systems of great interest and importance. Here 
we reported the beginnings of this eventual goal, and we have demonstrated success on a small 
56 residue protein. However, further work needs to be completed to address the issues of 
sensitivity and resolution, since these algorithms do not typically deal well with missing data. 
Another feature that could circumvent some sensitivity and resolution issues would be to utilize 
selective labeling strategies within the algorithm. By inputting the glycerol labeling pattern or the 
isotopically amino acid types in the sample that the data was acquired on then chemical shift 
strategies could become provide simpler optimizations for the algorithm.   
7.2.4 Solving de novo Membrane Protein Structures 
Although there have now been several studies that have culminated in de novo protein 
structures via SSNMR these are still mostly done on small proteins.5,16,24-26 A few have managed 
to get at structures of larger proteins,27,28 but these are still rare in the field.  
Hybrid techniques bring together the strength of varying structural investigation tools to 
provide a faster, and sometimes more detailed, structural elucidation. Methods could include 
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techniques such as EPR, solution and solid-state NMR for distance determination, or protein 
footprinting and mass spectrometry for identifying interaction surfaces, or X-ray crystallography, 
SAXS, and ion mobility mass spectrometry for identifying the shape of the biomolecule or even 
molecular modeling.29  
One hybrid method that has already shown much promise is the joining of X-ray 
crystallographic data and NMR data. This joint X-ray and solution NMR refinement has shown 
to elucidate key features of biomolecular structures that were not possible to see by either 
method alone. In the cases of the L30e-RNA complex30 and interleukin-1β31 structures both 
NMR and X-ray structures had previously been solved, but differences in the structures existed 
and were attributed to crystal forces or differences in the media that the experiments were 
performed in. The joint calculations were able to utilize the strengths of both techniques. X-ray 
reflections keep the protein backbone in mostly the right space, and NMR restraints are key in 
selecting side chain conformations based from predicted torsion angle and experimental distance 
restraints. This marriage of techniques will be very powerful when applied to large membrane 
proteins and large multidomain proteins where X-ray reflections can only be accurately models 
to low and medium resolution, but NMR data can provide complimentary atomic-resolution 
information. 
Joint techniques such as the few mentioned here can help propel SSNMR forward even faster 
than the growth of solution NMR. For example, Jehle, et al.32 used both Small-angle X-ray 
scattering (SAXS) and SSNMR to solve to structure of the α-B crystallin oligomers. The ability 
of SAXS to frame the protein was joined with the capability of SSNMR to provide more detailed 
atomic-resolution insight. The unique native access that SSNMR provides to systems, such as the 
α-B crystallin fibular oligomers, or other proteins that form fibrils in general, and membrane 
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proteins and membrane protein complexes combined with hybrid methods will undoubtedly 
propel the field of structural biology forward exponentially. And once many of the challenges 
that face SSNMR are fully addressed de novo determination of new membrane protein structures 
will follow suit. 
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